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CHAPTER I 
INTRODUCTION AND SUMMARY 
In view of their electronic and optical applications (integrated 
circuits, solar cells) there exists an increasing interest In the struc-
ture of silicon films. These films are single crystalline, polycrystal-
line, amorphous or microcrystalline according to the deposition technique 
and conditions applied. Chemical vapour deposition (CVD) is a deposition 
technique for the preparation of solid material from the vapour phase 
via a chemical step. This technique is widely applied in device technolo-
gy to prepare silicon films by pyrolytic decomposition of silicon-con-
taining compounds. In this way, silicon can be grown single crystalline 
on the proper substrates at temperatures above approx. 1000 C. Particu-
larly at lower deposition temperatures, where even on perfectly single 
crystalline substrates no single crystalline layers can be grown by 
means of such a CVD process, the relationship between the deposition 
conditions and the structure of the resulting silicon films has been re-
latively little investigated. In order to control the structure-sensi-
tive material properties effectively, this relationship should be known 
and the processes determining the eventual structure should be under-
stood. 
Thanks to in situ observations by means of simultaneous time-re-
solved optical reflectivity and emissivity measurements important new 
information can be obtained as described in this thesis. In this way not 
only the surface temperature and the growth rate can be measured without 
disturbing the growth process but, moreover, information can be obtained 
-¿-
with regard to the nature of the growing film and its surface condition. 
In view of the experimental discovery of solid-state processes occurring 
during deposition (Chapter II), a conventional reaction scheme compri­
sing gas phase diffusion, gas phase reaction, chemisorption,- surface dif­
fusion, incorporation at growth site, surface reaction and desorption to 
analyse the deposition processes, was found to be insufficient to under­
stand the origin of the eventual structure. During CVD of silicon via 
SIH. in hydrogen at atmospheric pressure two solid-state phenomena were 
distinguished, which qualitatively and quantitatively shed a new light 
upon the kinetics and mechanisms of the processes involved and their ac­
tion Is a recurrent theme In this thesis. 
As a first discovery It was found that at temperatures around 600 С 
a characteristic change occurs In the emissivlty of the growing material. 
This phenomenon was Investigated as a function of both deposition tempe­
rature and growth rate, uncoupling the growth and the anneal process by 
Interruption of the si lane flow at unchanged temperature and hydrogen 
carrier gas flow. After growth, both the emissivity and the reflectivity 
of the amorphous film were found to change as a result of the anneal pro­
cess. By an analysis of the growth mechanism the results of this Investi­
gation could be understood based on the formation of a layer of material 
with a different composition near the surface of the growing film. The 
temperature dependence of the growth rate was connected with the surface 
structure during growth (Chapter III). 
Secondly, a similar change in the intensity of the reflected light 
was detected after the termination of growth around 700 С This anneal 
effect was tracked down to the crystallization of material that had been 
deposited In the amorphous state. A model was developed to study the ef­
fects of the concurrent action of growth and anneal process both on the 
oscillation duration of the laser Interference signal and on the amount 
of untransformed material still present in the film at each moment during 
deposition. In this way, the crystallization velocity of these films was 
determined as a function of temperature both during and after deposition 
(non-destructlvely, resp. destructively). Two modes of crystallization 
were discerned: (i) starting from the f 11m / substrate Interface with crys-
tallization in one direction; (li) at randomly distributed nuclei growing 
three-dimensionally (Avrami kinetics). The discontinuous transition be-
tween amorphous and crystalline growth was detected and a criterion was 
formulated for the dependence of the transition temperature on growth 
rate based on optical measurements during an anneal treatment immediately 
after growth (Chapter IV, V ) . 
An experimental study confirmed the predicted dependence of the 
transition between amorphous and crystalline growth as a function of tem-
perature and growth rate. In addition to the optical in eitu measurements 
during and immediately after growth, optical microscopy, scanning elec-
tron microscopy and X-ray diffraction were applied ex situ to investigate 
the internal differences in internal and external film structure connected 
with this transition, which manifests itself after growth as a transition 
between different forms of polycrystal1 ine silicon. Smooth surfaced films 
mostly with a <111> preferred orientation result due to amorphous growth 
(from the gas phase) and subsequent (solid-state) crystallization during 
deposition. At higher temperatures and lower deposition rates (poly)crys-
tal! Ine growth gives rise to films with a <110> crystallographic texture 
and a surface roughness, which increases with film thickness (Chapter Vl). 
The growth of a dense pol ycrys tall ine layer and of Isolated single crys-
tals was further Investigated by a comparative study of the surface mor-
phology of films prepared to show both forms (Chapter Vit). 
An interesting phenomenon Is the occurrence of extra intensity maxima 
observed in X-ray and electron diffraction with CVD silicon films. These 
.8. 
additional diffraction peaks are closely related to a high density of 
planar faults In polycrystal1 ine silicon leading to a stacking sequence 
deviating frotn the perfect diamond structure and giving rise to the for-
mation of a new polytypic silicon modification (Chapter VIII'). 
The sum of these studies results in a deeper understanding of the 
structure and the kinetic effects Involved In the formation of polycrys-
tal line and amorphous silicon films. 
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The studies described In this thesis are (to be) published separately: 
A.M. Beers, H.T.J.M. Hintzen, J. Bloem, Solid state transitions during 
the growth of silicon by chemical vapour deposition. Proceedings of the 
Second European Conference on Solid State Chemistry, Veldhoven, The 
Netherlands, June 1982, p. 177 In "Studies in Inorganic Chemistry", 
Vol. 3, Eds. R. Metselaar et al., Elsevier Scientific Pubi. Сотр., 
Amsterdam, 1983; Chapter II. 
A.M. Beers, J. Bloem, Temperature dependence of the growth rate of sili­
con prepared by chemical vapour deposition from si lane, Appi. Phys. Lett. 
jn, 153 (1982); Chapter III. 
A.M. Beers, H.T.J.M. Hintzen, J. Bloem, Time-resolved optical reflectivity 
and emisslvlty during and after chemical vapour deposition of amorphous 
and crystalline silicon, J. Electrochem. Soc. 130, 1Ί26 (1983); Chapter IV. 
A.M. Beers, J. Bloem, Indirect and direct formation of polycrystal1 ine 
silicon during CVD, Proceedings of the Fourth European Conference on Che­
mical Vapour Deposition, p. 211, Eindhoven, The Netherlands, May/June 
198З; Chapter V. 
A.M. Beers, H.T.J.M. Hintzen, H.G. Schaeken, J. Bloem, CVD Silicon struc­
tures formed by amorphous and crystalline growth, J. Cryst. Growth, ac. 
cepted; Chapter VI. 
A.M. Beers, H.A. van der Linden, J. Bloem, Surface morphology of polycrys­
tal line silicon films formed by chemical vapour deposition. Seventh Inter­
national Conference on Crystal Growth, Stuttgart, Germany, September 1983; 
Chapter VII. 
-to-
H. Hendriks, A.M. Beers, S. Radelaar, J. Bloem, Additional X-ray and elec-
tron diffraction peaks of polycrystal1 ine silicon films, Thin Solid Films, 
submitted; Chapter Vili. 
_//-
CHAPTER II 
SOLID STATE TRANSITIONS DURING THE GROWTH OF SILICON BY CHEMICAL VAPOUR 
DEPOSITION 
ABSTRACT 
The crystal!ine-amorphous transition during chemcal vapour deposition of 
si l icon has been studied. Results are reported for growth from 2.3 vol2 SÍH4 
in hydrogen at atmospheric pressure. From optical measurements two after-growth 
phenomena were discerned, viz. a change in emissivity below Τ = 6780C and a 
change in optical thickness below Τ » 7720C. Consistent with the mechanism of 
formation the observed optical phenomena are connected with differences in the 
structure of the deposited material and the related solid state transitions 
a-Si:H •* a-Si * c-Si. 
INTRODUCTION 
The principle aira of this study is the investigation of the crystall ine-
amorphous transition of silicon during growth by Chemical Vapour Deposition 
1 2 (CVD) from silane SiH.. The temperatures reported · for this transition are in 
the same range (600-700oC) as those for which appreciable crystall ization of 
3 4 
amorphous silicon upon annealing was reported ' . Therefore, a simultaneous ac­
tion of both the amorphous growth process and solid state crystall ization might 
be conjectured in this temperature range. 
In general, i t should be acknowledged that although a material grows with a 
certain structure, after deposition the structure can be different because of 
after-growth solid-state anneal processes. In order to investigate the different 
processes which take place simultaneously the employment of optical techniques 
is inevitable as these can be applied in s i t u . 
EXPERIMENTAL 
Silicon films were deposited at surface temperatures between 560 and 800 С 
through pyrolytic decomposition of 2.3Ϊ SiH^ in hydrogen H- at atmospheric pres­
sure and an average l inear gas velocity -v. 50 era s . This CVD process was car­
ried out in a horizontal watercool ed reactor tube with the substrates placed on 
an r f heated graphite susceptor. Two independent optical techniques are applied 
-a-
continuously during growth: 
(i) thermal radiation noraally emitted by the specimen was received with a 
radiation pyrometer (bandwidth 1.9-2.6 un); this measurement allows the deter­
mination of the surface temperature. 
(ii) using an incident ray of monochromatic light (λ = 1.15 \.n) the time-
resolved optical reflectivity of the processed material was measured; this tech­
nique also allows the determination of the growth rate from the duration of the 
oscillations which occur as a result of optical interference between the rays 
reflected at the outer surface and at the interface with the substrate. 
The emissivity measurements (i) started on polished monocrystalline silicon 
substrates and the rate of growth (method ii) was measured on a juxtaposed 
S13N. coated substrate; the (small) mutual temperature difference was corrected 
for. Growth rate R is directly proportional to the reciprocal of the oscilla-
-1 2 2 2 1 
tion period (τ ) with proportionality constant λ/2(η -n sin </> )* «· 0.16 jim, 
where for the relevant temperature range and wavelength the refractive index of 
the growing layer η » 3.7; furthermore, η •< 1 and the angle of incidence 
φ « 53 . The thickness of the deposited solid layers was approximately 1.6 uro 
corresponding to 10.2 + 0.1 oscillations in the laser interference pattern. 
EXPERIMENTAL RESULTS 
The results of the measurements of growth rate R as a function of surface 
temperature Τ show that It varies continuously between 0.02 um/min at 560oC and 
2 um/min at 800oC. In the thermal radiation measurements (i) as a function of 
surface temperature a change in the emissivity behaviour was found at T' * 6730C. 
Below 678 С it was found that during growth the emissivity was higher than be­
fore growth. After the termination of growth, effected by discontinuing the flow 
of silane, a post-growth phenomenon was found in the gradual disappearance of 
the surplus emissivity if the specimen was kept at the same temperature in the 
same flow of hydrogen. The surplus emissivity as measured on a temperature scale 
amounted to 9 0C at a growth temperature of about 570oC and was smaller the 
higher the growth temperature; above 678 С this emissivity phenomenon did not 
occur. 
Also the laser interference technique (11) offers evidence of after-growth 
processes. Well below T' at the lowest temperatures in the present experiments 
a very small effect was also noticeable in the laser interference pattern upon 
annealing directly after growth. It took the same length of time (a few minu­
tes) for the laser interference signal to stabilize at a level corresponding to 
a smaller optical thickness of the layer as It took for the emissivity signal to 
regain its original level. This length of time was found to decrease and to ap­
proach zero for temperatures approaching T'. However, around these temperatures 
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it took much longer to observe another and much larger effect: after the termi­
nation of growth the optical path length difference of the reflected rays was 
found to decrease corresponding with up to about one oscillation in the laser 
interference pattern before stabilization. For growth experiments at still 
hioher temperatures this amount, as well as the time involved to effect this 
change, became progressively smaller until no such effect was apparent anymore 
for growth temperatures above Τ = 772 С. 
Measurement of the room temperature refractive indices η of the layers, v.-hich 
were grown at temperatures above and below Τ and which were not intentionally 
annealed, resulted in η « 3.45 + 0.10 (> Τ ) and η = 3.51 + 0.20 [< Τ ) using 
the technique of interference of infrared light with wavelengths 
2.5 < λ < 5.0 um. In these measurements the thickness was determined by the 
Tolansky technique. 
DISCUSSION 
In an analysis of the experimental results It should be recognized from the 
outset that the observed "transition temperatures" refer to transitions during 
growth. Therefore, the initial formation of solid material, unstable at the tem­
perature of growth, should be taken into account. The actual presence of such 
transitions in these growth experiments is inferred from the optical phenomena 
which were observed during and after growth: clearly the optical constants of 
the material change through the action of solid state anneal processes. The 
transitions related to the two transition temperatures reported are considered 
to be different in kind because of the different effects reported for the emis-
sivity and laser interference measurements and the widely different transition 
temperatures. Among the possible phase transformations recrystallization of the 
thin solid layer can be excluded because this is known to occur at an appre­
ciable rate at much higher temperatures only. It is judged that the lower tem­
perature transition ("v. T') is the decomposition af amorphous silicon hydride 
and that the higher temperature transition (-u Τ ) is the crystallization of 
amorphous silicon; these transitions (a-Si:H * a-Si, resp. a-Si * c-Si) are 
schematically represented in Fig. 1. 
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This interpretation is also compatible with recent views ' on the mechanism 
of CV0 of silicon from silane. In these views growth occurs through adsorption 
of reaction intermediate SiH- on the solid surface. If, at lower temperatures, 
hydrogen in the adsorbed state does not desorb before new SiH- adsorption 
takes place, hydrogen can be incorporated in the growing solid and hydroge-
nated amorphous silicon a-Si:H is formed. The mechanism of formation of this 
ρ 
material is thought to involve polymerization and disproportionation reac­
tions. However, if at higher temperatures hydrogen Is not incorporated its 
a-Si:H a-Si c-Sì 
Fig. 1. Schematic representation of the different forms of silicon that grow 
dependent on temperature in the present experiments. The arrows indicate solid 
state transitions that may occur during growth as well as upon prolonged an-
nealing after the termination of growth. 
concentration on the solid surface during growth can still be high enough to 
prevent crystalline deposition of silicon and amorphous silicon a-Si is formed. 
In the same way surface contamination with impurities such as oxygen and car-
bon may add to the amorphization. 
The observed after-growth anneal phenomena can be interpreted accordingly. 
Unfortunately the optical constants of a-Si:H and a-Si at the temperatures 
used in the present growth experiments are not readily available from litera-
ture, presumably also because of the inherent instability of these materials 
at these temperatures. Therefore, as a first approximation, the relative mag-
nitudes of the room temperature values for the wavelengths concerned will be 
considered. The change in emissivity reported for the lower temperature range 
(< T') correlates with a higher absorption coefficient of a-Si:H as com-
pared to that of a-Si . After the termination of a-Si:H growth the disappear-
ance of the surplus emissivity is now explained by the solid state decompo-
sition reaction a-Si:H ->· a-Si. The phenomena in the laser interference signal 
are also related to the transformation to a more stable form upon annealing. 
The decrease of the optical path length difference of the reflected rays re-
sults from changes in layer thickness as well as refractive index: Indeed, 
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both thickness and refractive index decrease upon crystallization of 
amorphous silicon a-Si + c-Si. 
The room temperature values of the refractive indices that we report are 
also consistent with this view. The value for silicon layers deposited at 
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temperatures above Τ is close to the literature value of monocrystalline 
silicon (n = 3.43); however, for layers deposited at lower temperatures the 
refractive index is found to have a value between those of c-Si and a-Si. 
This intermediate value as well as its large standard deviation may well 
result from the inherent complication that the refractive index was deter­
mined for layers with a varying degree of crystallinity deposited at differ­
ent temperatures and growth rates. 
From the preceding discussion it follows that both transition temperatures 
for growth are primarily related to typical kinetic phenomena: the values of 
T' and Τ will be dependent on the rate of growth as well as on the rate of 
the annealing process in question. Therefore, different values for these 
transition temperatures may be anticipated if the rate of growth is changed 
by eg. changing the ambient conditions. 
Work is in progress to quantify the present results and to establish ex­
perimentally the expected dependence of both transition temperatures on the 
rate of growth. 
CONCLUSIONS 
During growth of silicon by chemical vapour deposition two transitions 
(^  Τ', Τ ) are found through an analysis of the experimental results on emis-
sivity and reflectivity. These transitions are related to physical phenomena 
which are different in nature: the transition at T' = 6780C is related to 
the presence (T < T') of a surface layer of hydrogenated amorphous silicon. 
In the absence of such a layer silicon grows amorphous at temperatures 
Τ' < Τ < Τ ; growth is crystalline under the present conditions for surface 
temperatures above Τ = 772 С. The resulting structure of the deposited 
silicon wil! be determined by the actual growth process from the gas phase 
as well as by after-growth processes, such as the annealing of hydrogenated 
material and the crystallization of amorphous silicon. 
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CHAPTER III 
TEMPERATURE DEPENDENCE OF THE GROWTH RATE OF 
SILICON PREPARED THROUGH CHEMICAL VAPOUR DEPOSITION FROM SILANE 
Abstract 
Below about 650 С a new region is reported in the temperature depen­
dence of the growth rate of silicon through CVD from SiH, in H at atmos­
pheric pressure (E - 51 kcal/mole). Emissivity measurements during 
and after deposition offer experimental evidence for the presence of a 
hydrogenated layer a-Si:H near the surface of the growing material. At 
higher surface temperatures the activation energy (32-38 kcal/mole) de­
pends on the si lane partial pressure. The solid grows amorphous on both 
sides of the transition, which is governed by the incorporation of hydro­
gen. 
-té. 
Introduction 
The preparation and properties of thin films of amorphous and poly-
crystalline silicon as deposited from the gas phase are subjects of ex­
tensive research . The growth mechanism is not yet fully understood 
for silicon prepared at high temperatures(> 600 C) through various tech­
niques of chemical vapour deposition (CVD) as well as for silicon pre­
pared at lower temperatures (< ΊΟΟ С) through eg. glow-discharge decompo­
sition and sputtering. Notions from the fields of knowledge of both pro­
cesses meet In the analysis of the present experimental results. 
Experimental 
At surface temperatures between 560 and 660 C, silicon films 1.6 ym 
thick were deposited through pyrolytic decomposition of silane SiH, in hy­
drogen H. at atmospheric pressure. This CVD process was carried out in a 
horizontal water-cooled reactor tube with the substrates placed on an rf 
heated graphite susceptor. Throughout the experiments gas phase nuclea-
tion and depletion were avoided. During deposition the growth rate was 
continuously followed using the laser interference technique . Thermal 
radiation emitted by the specimen was detected with a radiation pyrometer 
(bandwidth 1.9 - 2.6 μιπ), which was calibrated in situ to enable tempera­
ture measurement in the range of 560 - 860 C. Because of the strong de­
pendence of the growth rate on temperature the melting points used for 
calibration in the lower temperature range were confirmed through differ­
ential thermal analysis (OTA). 
'f' 
Experimental results 
The results of the growth rate measurements as a function of the 
specimen surface temperature for si lane contents of approximately 0.09, 
0.3, 1.0 and 2.3% are presented in Fig. 1. In this figure two linear re­
gions stand out clearly; the Arrhenlus energies E calculated from the 
slopes are indicated. The surface structure of the growing films was in­
vestigated through emissivity measurements. In both temperature regions 
the indicated temperature showed a few oscillations during the first 
stages of each growth experiment at constant temperature. In the lower 
temperature region it was also found that after these oscillations the 
indicated temperature was constant as well as higher than before growth. 
Furthermore after growth, keeping the specimen at the same temperature, 
the difference ΔΤ in indicated temperature disappeared; the higher the 
temperature, the more quickly It went to zero. This took approximately 
It.2 min. at 5730C and 2.5 min. at 6l80C for layers grown with 2.3% SiH. . 
As a semi-quant i tat 1 ve measure of surplus emissivity ΔΤ is plotted as a 
function of reciprocal temperature for growth with about 2.3% SiH. (in­
sert Fig. 1.). 
Discussion 
In the higher temperature range a slope of around 33 kcal/moI e is 
generally reported, but these reports disagree as to the rate determining 
process, which is considered to take place at the surface. Hydrogen de-
sorption has been proposed ' to be rate limiting. During growth the pres­
ence of adsorbed hydrogen originates from (г) adsorption of hydrogen atoms 
from the gas phase and (ii) as a result of the growth process, viz. from 
the si Iicon.containing species (probably SiH., see below) that eventually 
-Zo-
Flg. 1. Growth rate R logarithmically plotted as a function of the reci­
procal of absolute surface temperature Τ for different sitane 
partial pressures. Filled dots represent growth experiments where 
the surplus emissivlty as discussed fn the text was observed. The 
Insert shows apparent temperature difference ΔΤ as a function of 
l/T for growth with 2.3* SIH.. 
-¿/-
provides for growth of the solid material. In a particular temperature 
range, this second contribution gives rise to a greater steady state 
surface concentration of adsorbed hydrogen at the higher growth rates re­
sulting from higher silane partial pressures. Now, if the kinetics for a 
two step desorption mechanism (desorption preceded by surface recombina­
tion) is represented by a one step expression, the apparent activation 
energy E,.
u
 for the rate of desorption decreases with increasing surface 
coverage ' . This is also reflected in the values of E in the higher 
temperature range. 
It Is of Interest to compare the present newly found temperature de­
pendence of the silicon growth rate in the lower temperature range with 
the results of gas phase studies " of the pyrolysis of silane at tempe­
ratures below Ί30 C. There, an activation energy of 51.2 + 3.1 kcal/mole 
12 
was found In the presence of decomposing solid silicon hydride and the 
rate determining step was judged to be the loss of hydrogen from the sur-
h- о 
face of the solid. Extrapolating these results temperatures above 560 С 
good correspondence is found with the temperature dependence of the 
silicon growth rate reported here and it is concluded that in both stu­
dies the same rate limiting step may be operative. Then, in both regions 
distinguished here the growth rate Is surface controlled with hydrogen 
desorption as the rate limiting reaction. 
From Fig. 1. (insert) it Is clear that for increasing deposition tem­
peratures the surplus emissivity decreases; it disappears completely at 
the temperature where the transition to the higher temperature region 
takes place. Since ΔΤ remains constant during growth, vanishes after growth 
and increases with decreasing deposition temperature, these phenomena can 
be related to the growth mechanism of amorphous hydrogenated silicon. 
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Extending recently proposed models growth occurs through two major 
steps, i.e. (a) the true process of deposition from the gas phase by at­
tachment of S!H. and (b) after-growth solid-state anneal processes like 
cross-linking reactions accompanied with hydrogen split-off. These latter 
processes (b) are associated with decomposition of bulk = SI-Η bonds and 
H, evolution as was observed during the annealing of a-SI:H around 
600 C. During deposition (a) and (b) occur simultaneously, causing the 
formation of a hydrogenated layer of a-Si:H near the surface of the grow­
ing material when (b) proceeds slower than (a). The observed surplus emis­
sivi ty is explained by the presence of this hydrogenated surface layer as 
the spectral emissivity of a material body at a certain temperature de­
pends on composition and condition of its surface : The more hydrogen 
Is Incorporated (at lower temperatures), the greater the Increase of 
emissivity (insert Fig. 1.). This is also In agreement with the observa­
tions after the termination of growth, when both processes are uncoupled: 
When at the surface the growth process (a) Is stopped, there Is still 
this layer in which process (b) has not occurred yet. That (b) subsequent­
ly occurs Indeed Is indicated by the disappearance of surplus emissivity 
upon additional annealing. This result also demonstrates that under these 
18 
conditions the as-deposited material is not anneal-stable . Of course, 
the smaller amount of hydrogen Incorporated at higher temperatures is 
also more quickly eliminated. 
The two regions, that were distinguished on account of the results 
of the growth rate and emissivity measurements, are Indicated with open 
and closed circles in Fig. 1. The transition between these two regions 
is governed by the incorporation of hydrogen: the balance of the adsorp­
tion of hydrogen (as discussed above) and its desorption determines 
19 
whether the growing amorphous silicon acquires a hydrogenated surface 
layer. Near the transition, under conditions of severe hydrogen adsorp­
tion, the surface Is smooth at low growth rates and (at the same temperature) 
-¿3-
when growth proceeds faster the surface is made up of an incompletely 
cross-linked, hydrogenated network. The slope of the transition line cor-
20 
responds to about 5 eV (Fig. 1.). 
Combining the results of the growth rate and emisslvity measurements 
as a function of temperature it is concluded, that in both regions the 
growth rate is surface controlled and its temperature dependence corre­
lates with surface structure: In the presence of a hydrogenated surface 
layer at temperatures below about 650 С (dependent on growth rate) the 
activation energy is 51 kcal/mole while In the absence of this layer (at 
higher temperatures) the activation energy Is 32-38 kcal/mole. Also taking 
account of a region at still higher temperatures, where the growth rate 
is limited by gas phase diffusion of the reactant towards the solid sur­
face , the complete temperature dependence of the growth rate of silicon 
as prepared through CVD from sitane is schematically depicted in Fig. 2. 
for constant SiH, concentration. In order to evaluate the experimentally 
observed temperature dependence of the growth rate a recently proposed 
model Is generalized to cover also the case of amorphous growth: 
E
a c t « E 1 - 2 EJ.J. + 2 E j " , where the heat of reaction SiH^ - SiH 2 + Hj 
Is E. - 52 kcal/mole and the energy gain for Si-Si bond formation is 
21 22 E,.,. » 51-5 kcal/mole . For the higher temperature region 
(E •> 35 kcal/mole) this leads to the activation energy for hydrogen de-
sorptlon £,.„ » Ϊ3 kcal/mole, in satisfying agreement with the experimen-
23 
tal values (Ί0.5 - 46 kcal/mole ) for hydrogen desorptlon from (111), 
(100) and amorphous silicon surfaces. For the lower temperature region 
(E . - 51 kcal/mole) It Is calculated that E " « 51 kcal/mole, which 
act эι π 
compares with the activation energy (50 kcal/mole ) reported for hydro­
gen desorptlon from bulk = Si-Η bonds in evolution measurements with 
plasma-deposited a-Si:H. The different values of E
c
.
u
 in both regions 
Fig. 2. Schematic diagram of the temperature dependence of the silicon 
growth rate for a fixed sitane content in hydrogen at atmospheric 
pressure. The position of the newly found region at lower tempe­
ratures Is given relative to the well-known regions at higher 
temperatures. 
reflect differences In the process of hydrogen desorption as a result of 
different surface structures: surface recombination which heterogeneously 
catalyses hydrogen desorption at higher temperatures is structurally hin­
dered during growth at lower temperatures. 
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CHAPTER IV 
TIME-RESOLVED OPTICAL REFLECTIVITY AND EMISSIVITY 
DURING AND AFTER CHEMICAL VAPOUR DEPOSITION OF 
AMORPHOUS AND CRYSTALLINE SILICON 
Abstract 
In the temperature region 560-800oC the CVD of s i l i c o n from 2 .3 Î SIH. 
In hydrogen at a tmospher ic pressure was invest igated wi th opt ica l tech-
niques that were applied in s i t u . The c r y s t a l l i z a t i o n o f s i l i c o n layers , 
that grew amorphous, was studied during and ¡rimedi a te i y a f t e r growth w i th 
t ime-resolved opt ica l r e f l e c t i v i t y measurements. A new expression is de-
r ived which applies to the opt ica l r e f l e c t i v i t y of a layer , that at the 
same time both grows and undergoes a s o l i d - s t a t e transformation process. 
Below T' * 680oC the c r y s t a l l i z a t i o n ra te o f 1.6 pm thick CVD a-Si f i lms 
was determined and found to depend on temperature wi th ac t i va t ion energy 
2 .9 eV. At higher temperatures three-dimensional c r y s t a l l i z a t i o n a t nu-
c l e i , that were formed (E - 9-0 eV) at the surface of the growing mate-
r i a l , Is invest igated. Applicat ion of the general ised Avrami equation for 
-z9-
growth conditions leads to a new expression for the remaining amount of 
un trans formed material at the end of growth. A limiting state is des­
cribed where this amount depends only on growth rate and nucleatfon/crys-
talllzation kinetics. Additional emissivity measurements allow the de­
termination of the transition between amorphous and crystalline growth 
which was found to occur abruptly at Τ *> 766 С. An expression Is derived 
that describes the dependence of this transition temperature on growth 
rate. 
Introduction 
In situ measurement of layer thicknesses by the detection of light 
a, 
that Interfered with the layer is^widely used optical technique in 
scientific Investigations as well as In industrial production control. 
In this paper attention Is especially focussed on light from an external 
source that Interferes after reflection by a layer of silicon during and 
after its growth from the gas phase. As a pendant to the technique 
that applies a continuous source with a range of wavelengths in order to 
determine a stationary thickness (1), here single-wavelength (laser)light 
is used in order to measure stationary growth velocities (2). Actually, 
in these experimental procedures changes are measured In the optical path-
lengths of the reflected rays upon change of wavelength or thickness in 
a given geometry. Therefore, in order to be able to determine layer 
thicknesses the refractive index η of the material concerned should ei­
ther be known or be determined In a separate experiment for the wave­
length and temperature in question. It has been shown (3.Ό. that with 
this knowledge the stationary growth velocity ν of a stable deposit can 
-Ψ 
be derived from the change of the intensity of the reflected light during 
growth according to 
V - Ad.τ" 1, [1] 
9 
where during the duration τ of one oscillation in the recorded laser in­
terference pattern the layer thickness increases with an amount 
2 2 2 i id - X/2ti, with N • (n -n sin φ ) , η is the refractive Index of the 
о о о 
gas atmosphere above the layer and φ is the angle of incidence of light 
with wavelength λ. 
In a recent paper (5) evidence was presented for the action of two 
different solid-state transitions which can take place during the depo­
sition of silicon by chemical vapour deposition (CVD) from sllane, namely 
(г) the annealing (a-SI:H ·*• a-Si) of a hydrogenated surface layer which 
was found (6) to be present during growth at temperatures below T' 
(л, 680 С) and (ii) the crystallization of amorphous silicon a-Si •* c-Si. 
In this paper we report on the findings of our investigations in connec­
tion with the latter transition ( i i ) . 
Now, for stationary growth conditions the constancy of τ in Eq. [1] 
cannot be taken for qrant·· any longer and the conventional expression 
is in need of correction, when during deposition a second solid layer 
grows at the expense of the first one: If this second layer of material 
exhibits optical properties distinct from the first one a more compli­
cated situation arises. This is precisely what will occur during growth 
of amorphous silicon if crystallization in the freshly grown layer takes 
place at the same time. Such a process could to a certain extent explain 
the differences between various reports on the structure of silicon lay­
ers formed by CVD from sllane. Some of these mention that the layers de­
posited are amorphous If grown below some definite temperature in the 
range 620-700 С and crystalline at higher temperature (7,8), whereas 
-io-
others inform that these layers can be p a r t i a l l y c r y s t a l l i n e ( Э і Ю ) . The 
technique of time-resolved r e f l e c t i v i t y has l a t e l y been applied to fol low 
laser-induced c r y s t a l growth k i n e t i c s In ion-implanted amorphous s i l i c o n 
( 1 1 ) . In t h i s paper the r e s u l t s are reported of in situ observations 
made during as well as inmediately a f t e r depositions a t s y s t e m a t i c a l l y 
changed substrate temperatures in order t o e s t a b l i s h whether and, i f so, 
to what extent c r y s t a l l i z a t i o n takes place during deposition as an a f t e r ­
growth solid-stake anneal process. To t h i s end a new model w i l l be d e v e l ­
oped in order t o analyze the laser i n t e r f e r e n c e p a t t e r n for the case of 
o p t i c a l i n t e r f e r e n c e in a double growing layer system. In combination 
w i t h the r e s u l t s of e m i s s i v i t y measurements the t r a n s i t i o n between c r y s ­
t a l l i n e and amorphous growth is determined. F i n a l l y , a c r i t e r i o n w i l l be 
formulated for the growth r a t e dependence of t h i s t r a n s i t i o n . 
Experimental procedure 
S i l i c o n f i lms were deposited at c a l i b r a t e d surface temperatures be­
tween 560 and 800 С through p y r o l y t i c decomposition o f 2.}% SiH, in hy­
drogen a t atmospheric pressure. This CVD process was c a r r i e d out in a 
horizontal water-cooled reactor tube equipped w i t h o p t i c a l quartz w i n ­
dows and the substrates were placed on a r f - h e a t e d , SiC-coated graphite 
susceptor. Using a ray of monochromatic l i g h t (He-Ne l a s e r , λ - 1.15 μπ>) 
the i n t e n s i t y was recorded of the l i g h t t h a t was r e f l e c t e d by the s p e c i ­
men during and a f t e r s i l i c o n growth on the Si,Ν.-coated s i l i c o n s u b s t r a t e . 
For maximum accuracy the wavelength λ was chosen as low as possible, 
l i m i t e d however by a sharply increasing absorption c o e f f i c i e n t below 
λ » 1.1 pm. In a d d i t i o n , the thermal r a d i a t i o n emitted by the s i l i c o n 
layer on an adjacent s i l i c o n substrate was recorded f o r wavelengths be-
_ 3 / -
tween 1.9 and 2.6 um. 
Jn the appropriate temperature regions and for the wavelength con­
sidered the refractive indices of poly crystalline and amorphous silicon 
were found separately by determining the mean thickness increase per os­
cillation in the interference pattern as ad = D/p. The total layer thick­
ness D was measured at room temperature with a Tencor Alpha-step sur­
face profiler and the corresponding total number of oscillations ρ passed 
through in the time of growth was obtained from the recorded laser In­
terference pattern. Growth was continued for 10.2 + 0.1 oscillations in 
the interference pattern corresponding to approximately 1.6 μη layer 
thickness. After growth at temperatures below 650 С the drawbacks of 
lengthy in situ anneals were «vaJ«J by annealing at a temporarily higher 
temperature. Further details of the experimental procedure have been 
published elsewhere (5,6)· 
Experimental results 
Detailed measurements of oscillation duration τ by continuous mono-
toring of the deposition process at different growth temperatures result­
ed In the data which are compiled In the plots of Fig. 1. The determina­
tion of the refractive indices resulted In η - 3-69, N - 3.60 and 
Ad - 0.160 vim/oscillation for polycrystal 1 ine layers grown around 800 С 
and η - 3.89, N - 3-81 and Ad - 0.151 ym/oscl11atlon for amorphous 
films around 600 С As a first approximation these values will be used 
throughout the temperature region investigated in view of the small tem­
perature dependence of the refractive index of single crystalline sili­
con in this region at the wavelength applied (12). In the calculation 
of the growth rates according to Eq. [1] two additional approximations 
were made: As the b% difference between ud and Ad would hardly show up 
с a 
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¡η the semilog plot (Fig. 2) a value of 0.16 ym/osci11 at¡on was used for 
all experiments; As τ changes during deposition, the value adopted was 
obtained as an average over the oscillations excepting the first one. 
Two further results are incorporated in the Arrhenius plot of the results 
of the growth rate measurements (Fig. 2), one connected with emissivity, 
the other with changes in optical pathlengths after deposition: (i) In 
contrast with growth experiments at lower temperatures, above Τ « 7 66 + 
7 С the emissivlty of the specimen was found to Increase continuously 
during growth. Besiaet , after the termination of growth, effected by 
discoiAiauing the flow of sitane, the Increased emissivlty remained con­
stant at the same Intensity as at the end of growth, If the specimen was 
kept at constant temperature in the same flow of hydrogen, (ii) Above 
the same temperature Τ no changes were detected In the laser interfer­
ence signal after the termination of growth. However, below this tempe­
rature the recorded Intensity signal appeared to double back its final 
trace after growth. The general shape of the interference pattern is re­
presented in Fig. 3. Such a regression of the laser signal results from 
a decrease rX in optical pathlength difference of the reflected rays. In 
Fig. 3 ¡t is shown that this difference is passed through in the corre-
sponding time τ during growth. As over a full oscillation an additional 
optical pathlength difference λ is completed in time τ, it follows that 
regress ratio r is experimentally found as τ /τ. Fig. Ί shows the result 
of the measurements of r as a function of growth temperature for the 
present growth/anneal experiments. The slope of this semilog plot corre­
sponds to 3-9 eV. For experiments below about 620oC no regression was 
detected immediately after the termination of growth. However, upon In­
creasing the temperature t he regression was observed again. 
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Model for the o p t i c a l r e f l e c t i v i t y of a double growing layer system 
The I n t e n s i t y of the l i g h t that is r e f l e c t e d by a s ingle layer sys­
tem depends on thickness according to the well-known Airy formula f o r 
multiple-beam Interference with a plane p a r a l l e l p l a t e ( 1 3 ) · During 
growth the time-dependence is given by the same formula i f the growth 
rate and material parameters are constant. The e x t i n c t i o n condition is 
i d e n t i c a l for both two-beam and multiple-beam i n t e r f e r e n c e and the m i n i ­
ma, which - as opposed to transmission - are sharp in r e f l e c t i o n , appear 
p e r i o d i c a l l y . From Fig. 1 i t fol lows, however, t h a t o s c i l l a t i o n dura­
t i o n τ is not constant at a l l In each of the present growth experiments. 
In order t o understand t h i s behaviour the concurrent action of a s o l i d -
s t a t e transformation process should be taken into account In addit ion 
to the growth process. As was already indicated in the Introduction to 
t h i s paper the c r y s t a l l i z a t i o n of amorphous s i l i c o n is considered as 
an after-growth process (5) - A simple mode.) w i l l be developed in order 
to obtain the expression f o r τ for such a system, where the growth o f 
a second ( c r y s t a l l i n e ) layer a t the expense of the o r i g i n a l (amorphous) 
one is accounted f o r . 
Consider a ray of monochromatic l i g h t (wavelength λ ) , that traverses 
a medium with r e f r a c t i v e index η and hits a double-coated substrate at 
о 
an angle of incidence φ (Flg. 5). The upper layer (thickness d ) is 
assumed to represent amorphous silicon (refractive Index η , density ρ ), 
the lower layer (thickness d ) crystalline silicon (refractive index 
η < η , den-si ty ρ > ρ ). Considering the rays reflected at the outer 
surface and at the interface with the substrate, the intensity of the 
reflected light depends on their optical pathlength difference e (Fig. 5). 
Taking account of Snell's boundary conditions, it is found by applica­
tion of standard theory that for the optical paths considered at time t 
-3v-
e(t) - 2N
a
d
a
(t) + 2N
c
d
c
(t), [2] 
where for each layer (а,с) N ¡s defined as indicated in the Introduction. 
Changes of phase shift do not come into play for stationary'growth condi-
tions. 
How the rate ν of thickness increase of the amorphous layer is made 
up of two contributions, viz. (i) an increase ν associated with the net 
9 
particle flux across the gas-solid interface due to deposition from the 
gas phase, and ( i i ) a decrease -pv associated with crystallization of 
the amorphous material, where ν is the rate of thickness increase of the 
crystalline layer and the factor ρ = ρ /ρ (> 1 ) Is inserted to account 
for the difference in specific density (conservation of mass). For con­
stant growth rate V it follows that 
V (t) - V - pV (t) [3] 
a g с 
and substitution into Eq. [2] leads to 
e(t) « 2N
a
Vgt + (2Nc - 2Nap)^Vc(t)dt [i.] 
For successive extinctions in the interference pattern the optical path-
length difference changes by an amount equal to the wavelength: 
e(t + τ) - e(t) - λ [5] 
An i m p l i c i t expression for τ is derived from Eq. [ Ί ] and [ 5 ] : 
- 1 ι*χ 
τ ' = [1 + (ν - p H ν , ( t ) d t A v ](2N / λ ) ν , [ 6 ] t с g a g 
where ν = Ν /Ν (< 1). In this expression the term 2N ν /λ represents 
c a a
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amorphous growth in the absence of crystallization, whereas for ν - 0 
the remaining term accounts for the changes during annealing. 
The significance of Eq. [6] extends beyond the material system inves­
tigated at present: It is equally valid for conversions such as solid-
state segregation or decomposition processes, be it during deposition or 
not. Although Eq. [6] is specifically derived for a double growing layer 
system, the model developed is also valid for systems where the same 
total volumes of material are not arranged in such a layer-like fashion. 
In that case, however, rate ν should be taken as the volume Increase 
per unit area and unit time. For the special case of a time-Independent 
crystallization rate ν (which will be too naïve an approach If three-
dimensional crystallization takes place in the bulk of the amorphous 
matrix) an explicit expression is obtained: 
τ"' - [1 + nv/vJUM A W , [7] 
e g a g 
where η = ν - p(< 0 ) . 
Falling precise data regarding ν (t) Eq. [7] wi11 be used as a first 
approximation in the evaluation of the τ -plots instead of the more gene­
ral Eq. [6]; application of the latter equation requires detailed know­
ledge of the mechanism of the particular nucleation and crystallization 
processes Involved. Of course, for the special case that ν equals zero 
the expression between square brackets becomes redundant and the conven­
tional form (Eq. [1]) reappears. Observe also, that for the present case, 
where the value of η is negative, solid-state crystallization during amor­
phous deposition will result In a decrease of τ as compared with the 
stationary growth of the amorphous deposit without solid-state transfor­
mation. 
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Analysis and Discussion 
Refractive index 
As high-temperature values of the refractive index of pôlycrystal1 ine 
and amorphous silicon films are not readily available from literature, a 
comparison with the presently-reported values is impeded. However, when 
the value of the polycrystal1 ine films (n = 3.69) is compared with π » 3.70 
as obtained after extra polation (λ = 1.15 um; 1000 К) of the recommended 
data (12) for bulk, single crystalline silicon good correspondence is 
found. It has been observed (12) that the refractive indices of pure sili­
con "thin" films tend to agree with those of bulk crystal if the films 
are deposited on substrates maintained at high temperatures during depo­
sition or appropriately annealed after deposition. Nevertheless, for the 
thinnest films a substantially lower (up to "v 50%) value has been re­
ported and it was concluded from el 1ipsometry measurements at 620 С that 
the refractive index of growing layers gradually increases until the bulk 
value is reached at about 500 A layer thickness (1Ή). Lacking high tempe­
rature data from literature no direct comparison can be made for the 
amorphous films. However, a 5% higher value of the refractive index as 
compared to polycrystal1 ine silicon films has also been reported (9,15) 
for the room temperature values of CVD silicon films (λ = 3 pm). 
τ --piota 
In the temperature range of interest the si lane content of the gas-
phase was chosen such as to cover a large range of growth rates (Fig. 2). 
At the lowest temperatures (^  560 C) the amorphous films grown did not 
crystallize; at the highest temperatures applied ("v- 800 C) the films 
formed were crystalline, while gasphase nucleation (ΙΌ was still prevent­
ed. The changes In the τ -plots during each growth experiment, as given 
in Fig. 1, wi11 be related to the deposition processes. It is found that 
J_ -L 
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Flg. 1 The reciprocal of oscillation duration τ as a function of oscil­
lation number showing the experimental points obtained from the 
laser Interference patterns recorded during growth at different 
substrate temperatures. 
τ increases sharply before the second oscillation. This effect can be 
understood - Eq. [1] - as the result of the increase of the refractive 
index as well as the increase of the growth rate in the first stages of 
growth. An initial increase of the growth rate results as a'consequence 
of the particular way of nucleation of these layers (17): after the for­
mation of a definite density of nuclei, these nuclei start to grow out 
and their surface area progressively increases. In this way the growth 
rate, which Is surface-controlled, increases until coalescence of the 
growing nuclei sets in. The optical layer model should be applied with 
caution to this very distinct physical situation: the growing, disconti­
nuous layer of silicon clusters on Si,N, can even cause an additional 
(small) phase shift as the nature of the Interface changes. With the 
relatively high supersaturations used in the present study, however, the 
time needed to form a continuous silicon layer will be short compared to 
the value of τ. 
For all but the first oscillation, τ is found to remain constant 
for the growth experiments below about 620 С This situation is covered 
by the conventional model for growth of stable deposits. Going to higher 
deposition temperatures, however, the plots in Fig. 1 show the develop­
ment of a pronounced maxlmun. Such a maximum is not predicted neither 
by the conventional model of optical interference, nor by the model for 
a double growing layer system as derived above. This is not surprising 
as both do not account for the genesis of the second layer: For anneal 
experiments It has been reported (18) that before crystallization of 
amorphous silicon takes place, an induction time ("delay time") Is first 
passed through. It is only after this period in which stable crystalline 
nuclei are formed and ν - 0, that crystallization takes place ad ν > 0. 
с с 
This behaviour accounts for the maximum in the τ plots as, in full 
agreement with the double growing layer model, Eq. [7], the value of 
τ decreases upon crystallization until it reaches a constant value for 
-if" 
stationary growth/crystallization conditions. Observe (Fig. 1), that 
direct introduction of the Heaviside step function centered a definite 
inductlontime will not do to switch on ν in Eq. [7] because of the dif­
ferent thermal histories at the successive heights in the growing layer. 
It follows, that under these circumstances crystallization starts near 
the interface with the substrate and extends progressively into the amor­
phous layer: the optical model closely parallels the physical situation 
(interface-induced, unidirectional crystallization). It is also found 
(Fig. 1) that, going towards higher temperatures the relative height of 
the maximum in the τ plots Increases, indicating - Eq. [7] - that 
ν /v Increases. This corresponds to a higher activation energy for crys­
tallization as compared to growth. 
Going towards still higher temperatures, above T' *> 680 С no such 
maximum as described above In the τ plots is found anymore. In the 
light of the preceding discussion this means that the delay time for the 
incubation of crystalline nuclei in the amorphous material falls within 
the first oscillation and becomes neglegible. Above this temperature T', 
where the specimen grows without a hydrogenated layer near the surface 
(6), a contribution to the crystallization at nuclei originating from the 
surface of the growing material can no longer be excluded as, indeed, 
free surfaces are well-known to be the first among the places where the 
nucleation of a new phase will start (19)-
Although growth is still amorphous, subsequent formation of crystal­
line nuclei at the surface of the unstable solid leads upon further de­
position to buried nuclei which act as active growth centers for crys­
tallization. In addition to the unidirectional crystallization discussed 
above the contribution of this type of three-dimensional crystallization 
Increases for Increasing temperatures. 
In the absence of a maximum In the τ plots a gradual increase of 
τ becomes apparent. This Increase extends over a larger number of os-
dilations for higher temperatures and is observed below as well as 
above T* » 766 C, which is the transition temperature for amorphous/ 
crystalline growth (see below). In view of this and according to Eq. [1] 
this phenomenon is interpreted as a transient in the growth-rate. After 
the initial increase a stabilisation is found after 1.3+0.2 min for growth 
rates between 0.Ί and 1.2 ym/min. Such transients associated with the 
deposition of silicon were recently reported (20): Their existence was 
derived from a detailed examination of the dopant profiles In epitaxial 
films, but a deeper understanding as to their origin still awaits fur­
ther investigation. 
Anneal experiments 
From the results of the in situ anneals immediately after the ter­
mination of growth, the amount of amorphous material in the layer at the 
end of growth can be obtained. At the end of growth, when ρ oscillations 
are passed through and the film is partly amorphous (^  thickness d ), 
partly crystalline (^  thickness d ) the optical path length difference 
between the reflected rays Is given by 
2N d + 2N d - ρλ [β] 
а а с с
 r 
Upon crystallization of the amorphous material the optical pathlength 
difference decreases with an amount rX (Fig. 3) and becomes 
2Ncd¿ . (p-r)X [9] 
where the f ina l thickness 
' - 1 
d c " d c + p d a ' p Ξ p c / p a ^ 1 0 1 
log1/T 
(mi ri"1) 
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Fig. 2. Growth rate V logarithmically plotted as a function of the 
reciprocal of absolute surface temperature T. Above T' <» 680oC 
the slope of the curve corresponds to an apparent activation 
energy E - 1.Ί eV, at lower temperatures E . - 2.2 eV. The 
act ^ act 
experimental points with deviating reflectivity and emissivity 
behaviour (which are found to coincide) are separately Indicated. 
Fig. 3· General shape of a characteristic interference pattern showing 
the intensity of the reflected laser light as a function of time 
during as well as after growth. » 
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From Eq. [8]-[10] ¡t follows that the amorphous layer thickness at the 
end of growth is directly proportional to regress ratio r: 
where 
Also: 
d - kr λ/2 [11] 
к н (N
a
 - p " 1 ^ ) " 1 [12] 
d - (p-kN r)X/2N [13] 
Experimentally it is found (Fig. k ) , that r is stationary for tempera­
tures below about 620 C: No crystallization occurs during growth, the 
specimen is fully amorphous (d •> 0) and d (and consequently r) will 
attain a maximum value. For growth at 600 С (ρ = 10.19; г - 1.0Ί0) к was 
evaluated according to Eq. [13]: 
к = p/N
a
r - 2.57 
and comparison with definition equation [12] then leads to ρ = 0.95, 
which corresponds to a 5% difference in specific density in good agree­
ment with the values known from literature (21). Going towards higher 
temperatures (Fig. Ί) the decrease of regress ratio r is found to coin­
cide with the development of a maximun in the τ -plots (Fig. 1): crys­
tallization takes place during growth. In view of Eq. [11] the region 
with constant slope in the Arrhenius plot of г corresponds to an expo­
nentially decreasing amount of amorphous material with increasing tempe­
rature. This clearly illustrates the progressively increasing impact of 
crystallization during growth even though the growth times applied become 
continually shorter. 
In order to analyze the observed temperature dependence consider a 
slab of material with thickness ν dt at a height ν t In the-layer. When 
9 s 9 
growth terminates at time t a D/v , where D Is the total thickness of 
s
 9 9 
material deposited, the thermal history of this layer is t -t and accord­
ing to the general relation of Avraml (22) the volume fraction of uncrys-
tallized material in this layer Is given by 
d(d )/v dt - exp{-A(t -t)m} 
a g g 
where A • A expi-Q./RT) and m (> 0) are parameters d i r e c t l y r e l a t e d to 
the p a r t i c u l a r nucleatlon/growth mechanism which is operat ive in these 
layers. I t f o l l o w s , t h a t a t t - t the t o t a l remaining amorphous layer 
thickness amounts t o 
t « t 
d a - v / e x p { - A ( t g - t ) m } d t [11»] 
Upon series expansion of the exponential and subsequent integration the 
Integral Is evaluated as a convergent series: 
d
, •
 0 L > c n x n us i 
where с - (-l)n/n: (mn+l) (¡i 0) and X - At"'. The latter quantity depends 
on temperature with an activation energy (Q. - mQ ), where II is the ac-
A g g 
t l v a t l o n energy for growth, and for a comparison wi th the experimental ly 
found exponential temperature dependence of d (F ig . 4) the question is 
asked, whether the r fght hand side of Eq. [15] can be expressed in the 
form a X . However, in view of the uniqueness of a power series expansl on 
-•fcr-
lOOO^Or1)-
gas phase 
nc . 3.7 
-f/. substrate 
Table 1 
m 
1 
2 
3 
k 
m m 
1.00 
0.89 
0.89 
0.91 
Ло.95 
3.0 
2.0 
1.7 
1.3 
S (A"1 / m) 
3.0 
LU 
1.2 
1.1 
Fig. k. Semilog plot of regress ratio r as a function of the reciprocal 
of absolute growth temperature (slope ^ -3-9 eV). The dotted 
line represents the detection limit. 
Fig. 5- Optical path in a simplified model for interference In a double 
growing layer system. The small refraction at the a/c interface 
is accounted for in the formulae but hardly shows up in this 
figure (experimentally: φ • 53 ). 
'Ψ 
t h i s question must be answered in the n e g a t i v e . As an Important conse­
quence i t is concluded that w i t h i n the model formulated the observed an­
neal phenomena exclude the action of a s i n g l e nucleation/growth mechanism. 
This r e s u l t Is in agreement with our f indings in the discussion of the 
τ - p l o t s : a t lower temperatures I n t e r f a c e - i n d u c e d , u n i d i r e c t i o n a l crys­
t a l l i z a t i o n w i t h constant transformation r a t e predominates (mathematical ly: 
m - 1 , 0 < A t << 1 ) , whereas going towards higher temperatures ^ T ' ) the 
c o n t r i b u t i o n of three-dimensional growth (3 ί m s Ί) in the bulk of the 
amorphous matr ix becomes increasingly important. Of course, lack of know­
ledge of the separate contr ibut ions of the two nucleation/growth mechanisms 
in the c r y s t a l l i z a t i o n of these layers during deposit ion prevents to a c ­
count q u a n t i t a t i v e l y for the slope of log г vs. 1/T that was found ex­
p e r i m e n t a l l y . However, these data can be used w i t h confidence in an ana­
l y s i s of the l i m i t i n g case of pure one-dimensional c r y s t a l l i z a t i o n during 
growth a t temperatures below T' *> 680 C. According to the simple model 
v a l i d f o r t h i s special case the rate of c r y s t a l l i z a t i o n is given by 
V r - (D - d ) / ( t - φ [ 1 6 ] 
с a g o 
where d was calculated according to Eq. [11] and the induction time for 
crystallization t was estimated at the time that passed before the maxi­
mum in the τ -plot was reached. The results are presented in a semilog 
plot (Fig. 6) and compared with the results for unidirectional crystalli­
zation by Zellama et al. (23), who studied the crystallization kinetics of 
evaporated amorphous silicon layers through conductivity measurements. 
Excellent agreement is found upon comparison of the two sets of measure­
ments above and below 620 С respectively; the slope of the straight line 
through the points corresponds to an apparent activation energy of 
temperatuurde) 
800 1*7001· 600 500 
2.0 
logvc 
(A/s) 
1.0 
-1.0 
• present data 
• ZeUamaetal.,1979 
0.9 1.0 1.1 1.2 
lOOO/jdO 
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Flg. 6. Arrhenius plot of the rate of one-dlmenslonal crystallization of 
amorphous silicon. The present data are compared with those from 
Ref. (23). 
- · * ! 
Τ 
2.9 + 0.1 eV. This activation energy ¡s higher than that for growth from 
the gas phase In the temperature region concerned (2.2 eV), which Indeed 
conforms to the finding in the discussion of the τ -plots. Exactly the 
same activation energy (and a curve shifted over approx. 15 С towards 
higher temperatures) has been reported In a study of the kinetics of 
crystallization of unsupported, evaporated amorphous silicon films Inves­
tigated through direct observation by hot stage transmission electron 
microscopy in the 550-700 С temperature range (2Ί). In accordance wlth 
the double-mechanism intepretatIon arrived at in the preceding discussion 
of both the τ -plots and the temperature dependence of log r, systema­
tic deviations from the straight line behaviour are apparent above T', 
where the model does not apply. In this respect It Is of interest to com­
pare the present crystallization kinetics also with reports on solid 
phase epitaxy (SPE) of Si-Implanted amorphous silicon. There, an activa­
tion energy In the range 2.3 - 2.6 eV Is generally reported (25.26) for 
epitaxial regrowth (unidirectional crystallization) In the same tempera­
ture range as covered In Fig. 6. At much higher temperatures produced by 
cwlaser annealing, however, three-dimensional growth on randomly-distri­
buted, crystalline nuclei In the bulk of the amorphous matrix was recently 
found (11) to constitute a process competitive to SPE and to give rise to 
a flattening of the log ν vs. 1/T curve towards higher temperatures simi­
lar to Fig. 6. In the present straightforward approach Eq. [16] represents 
the rate of crystallization accurately if crystallization occurs through 
a uniform translation of the crystallization front and crystalline frac­
tion χ - d /D is linear In t. However, if χ as a function of anneal 
time is given by an S.shaped curve, such as occurs in the nucleation and 
growth of randomly distributed nuclei, the quantity Dx /t - t cannot 
' '
 ч
 ' с g о 
be interpreted meaningfully as a crystallization rate and especially for 
the final anneal stages too low a value will be obtained. Observe, that 
for χ t 1 (d << D, t « t ) the ν value obtained according to Eq. [ 1 6 ] 
с а о g с 
eventual ly approaches ν and so does i t s temperature dependence ( I 1.5 e V ) . 
Of special i n t e r e s t Is the l i m i t i n g case of amorphous growth, where 
bulk three-dimensional c r y s t a l l i z a t i o n e v e n t u a l l y f u l l y pre-domi nates. 
Upon a standard change of v a r i a b l e (χ - A ( t - t ) ) 
Eq. [ 1 4 ] is transformed t o 
d - vy } / m -j-
 T(1.Y) [171 
a g m m 
with incomplete gamma f unction γ(—, A ) » Sa * χ άχ. As f o r each growth/ 
" о 
anneal experiment A has a f ixed value, the l i m i t i n g value of d f o r i n ­
creasing t is found f o r л - At •* <•>, where the r e s u l t i n g Improper i n t e ­
gral of the f i r s t kind is evaluated as the ganuafunctlon Г ( 1 / т ) : 
l im d - d , - А " 1 / п І Г ( і ) [ 1 8 ] 
t ^ e a · 9 m m 
9 
The physical s i g n i f i c a n c e of t h i s equation i s , t h a t during the u n i d i r e c ­
t i o n a l growth (growth r a t e V ) of a s o l i d , t h a t undergoes a s o l i d - s t a t e 
transformation w i t h a nucleation/growth mechanism described by the genera­
l i z e d Avraml equation (A, m), the amount of laitransformed m a t e r i a l even­
t u a l l y reacVies A f i n i t e , l i m i t i n g value; the magnitude of t h i s value 
depends s o l e l y on V · A and ra according t o Eq. [ 1 8 ] . Using a ser ies e x ­
pansion for γ(— , X ) (Cf. Eq. [ 1 5 ] and [ 1 9 ] ) we c a l c u l a t e d the values 
X i or ° f X f o r which the l i m i t i n g values Γ(—) are reached w i t h i n Si· These 
u.gs •* m 
values are l i s t e d In Table 1 together w i t h the corresponding growth times 
t g „ . ( i n units A ) f o r a given n u c l e a t l o n / c r y s t a l I i z a t i o n mechanism, 
ι «-'/m 
i . e . a given A 
The limiting state may not be reached in all experiments at tempera­
tures above T': especially at the lower temperatures In this range 
-.¡ГУ-
unidirectional crystallization must be expected to occur to a large extent 
as compared to three-dimensional crystallization (cf. also the SPE experi­
ments mentioned above). However, when the latter process predominates It 
is not self-evident from Eq. [18] that going towards higher temperatures 
this condition remains fulfilled, not only because t decreases, but -even 
g 
more important- A no longer has a fixed value. However, by transforming 
Eq. [17] into 
d - D X - ' / ' - I ^ I . X ) [,9] 
(cf. Eq. [IS]) the temperature dependence of λ which contains both t and 
A is easiest evaluated. It Is found that at the same values of Λ for 
which γ(— , λ ) Is approximated by the limiting, constant value! (1/m), d 
follows the temperature dependence of Λ : 
d- - 0Х-
, / т
-ІГ(І) [20] 
Conversely, in view of Eq. [II] A l s found to increase Indeed at increa-
sing temperatures with activation energy 3,9 m (m > 0) indicating that 
the limiting state is approached the better, the higher the temperature. 
This illustrates the Increasing impact of three-dimensional crystalliza­
tion going towards higher temperatures. In general, the limiting form 
Eq. [18] may be preferred as compared to Eq. [20] because of the absence 
of D and t . For a further analysis of our experimental data with Eq. [18] 
the particular nucleatiorprowth mechanism, cq.Aand m, has to be assessed. 
These parameters cannot be learned from the present anneal data alone. 
However, in the discussion of the τ -plots with respect to the crystal­
lization mechanisms the importance of surface-induced nucleation has been 
stressed for growth at temperatures above T'. On this basis the meaning 
-ft-
of A and m ts evaluated. 
Let the number of c r y s t a l l i n e n u c l e i , which are formed at the surface 
per unit surface and unit time be given by the (time-independent) surface 
nucleation rate V , then the result ing nucleus density N 14 inversely 
η " ' о ' 
proportional t o V according to 
N - V /V [ 2 1 ] 
ο π g 
During growth these nuclei are burled and subsequently these " p r e - e x i s t i n g " 
nuclei s t a r t t o grow out in three dimensions w i t h isotropic growth rate 
V . For t h i s case of s i t e saturation the q u a n t i t i e s A and m are expres­
sed (22) by 
A - ^- N V 3 and m - 3 [ 2 2 ] 
3 o c 
Combining Eqs. [ 1 1 ] , [ 1 8 ] , [ 2 1 ] and [ 2 2 ] the surface nucleation rate is 
found according to 
п
-^>-Чг<з>>Х'-Ч3 
In the temperature range that r was obtained with Q - -3-9 eV the activa­
tion energies of V and V were found resp. as an average value (Q - 1.5 eV) 
and upon extra^polation (Ц - 2.9 eV). Substituting the temperature depen­
dences of ν , r and V respectively the surface nucleation rate is found 
g с ' 
to be thermally activated with apparent activation energy 
0,, - 41.5) - 3(-3.9) - 3(2.9) - 9.0 eV. Exactly the same value was reported 
(23) by Zeli ama et al. for the bulk nucleation rate in amorphous silicon 
deposited at room temperature. As bulk nucleation will preferentially oc­
cur along the internal surfaces of that slightly porous material, the two 
values are not necessarily mutually exclusive, but are probably in per­
fect agreement. However, failing knowledge of the internal surface area 
per unit volume a direct comparison of the absolute values of the two 
nucleatlon rates is impeded. 
Until sofar the various processes of crystallization of amorphous 
silicon during chemical vapour deposition were qualitatively and quanti­
tatively evaluated. We shall continue to consider the transition between 
the presently discussed limiting case of three-dimensional crystalliza­
tion of silicon that grew amorphous and the situation at still higher 
temperatures, where silicon Is known to grow in a crystalline fashion. 
Emiesivity meaaupementa and the tranaition between amorphous and aryatal-
line groath 
The Increasing emissivity observed during growth at constant tempe­
rature (> Τ ) Indicates a continuing change of composition of the mate­
rial near the surface or of the surface condition Itself (27). Here, an 
Increasing microscopic roughness of the surface Is Involved, which finds 
expression as an apparent Increase of the absorption coefficient. This 
phenomenon Is typically related to a (poly)crystal1 Ine growth mode and 
more specifically with the evolution of crystallographic texture during 
growth of silicon (7) at temperatures above 'l . It is judged that emissi­
vity measurement proves to be a sensitive technique to distinguish be­
tween either crystalline or amorphous growth during deposition. According 
to these measurements the transition between amorphous and crystalline 
growth Is rather abrupt in the sense that the observed emissivity pheno­
menon, was found to be either absent or present to a considerable degree. 
It is of interest to connect these results with the findings of the 
anneal experiments (Fig. Ό . Unfortunately, a direct comparison is not 
readily possible because the determination of regress ratio r at lower 
values is inhibited by a detection limit of approx. ¿I In the present 
-ff-
experiments. Aware of this complication an extension of the present expe­
rimental results into the uncertain region leads upon a cautious extra­
polation of the straight line (Fig. Ί) to transition value 
r* - (3.6+0.6)10 at transition temperature Τ - 766 + 7 С. According 
to Eq. [il] and using the value of к derived for "bulk" material this 
would correspond to a limiting amorphous layer thickness of d - 53 + 12 A 
M 
a t the t r a n s i t i o n and weare led to conclude, j u s t as Indicated by the 
emissiv i ty measurements that according t o the present experimental f i n ­
dings an abrupt, discontinuous t r a n s i t i o n e x i s t s between amorphous and 
c r y s t a l l i n e growth of s i l i c o n by chemical vapour deposit ion. A d i s c o n t i ­
nuous order-disorder phase t r a n s i t i o n was aleo recently reported (28,29) 
for the mlcrocrystal1Ine/amorphous t r a n s i t i o n based on X-ray d i f f r a c t i o n 
and Raman measurements a f t e r glow discharge deposition of s i l i c o n . 
The value of d derived concerns the t o t a l amount of amorphous mate­
r i a l I r r e s p e c t i v e i t s layer geometry arid may s u f f e r from an inaccuracy 
due to a possibly Inadequate value of к for the very t h i n layer involved. 
Besides, the theory used Is of l i m i t e d a p p l i c a b i l i t y on a n e a r l y atomic 
scale. As, furthermore, questions can be raised as to the smoothness of 
the surface on aiatomic scale during amorphous growth, the s i g n i f i c a n c e 
of t h i s mi η ¡mini value can not be ascertained at present: An attempt to 
re la te th is value to the existence of stable c lusters of 2 5 . Ί % mean d i a ­
meter, t h a t were reported (30) to be Involved In c r y s t a l l i n e as wel l as in 
amorphous growth of s i l i c o n , could land us In the realm of sheer specula­
t i o n . Instead, the t r a n s i t i o n w i l l be t r e a t e d as a k i n e t l c a l phenomenon 
and, although the present r e s u l t s are p e r t i n e n t to the experimental condi­
t ions a p p l i e d , t h e i r s i g n i f i c a n c e w i l l be extended beyond the l i m i t a t i o n s 
set by these in order t o I n f e r the temperature dependence of the growth 
rate for which the t r a n s i t i o n occurs. Such a dependence must be expected 
In view of the nature of the t r a n s i t i o n as discovered above: According 
to Eq. [ I B ] a smaller d value and eventual c r y s t a l l i n e growth can be 
_ »V-
obtained not only by increasing the temperature but also by decreasing the 
growth rate with roughly the same nucleatIon/growth kinetics for crystal­
lization at the same temperature. The anticipated decrease of the transi­
tion temperature on decreasing growth rate could also partly explain the 
lower transition temperatures reported in literature (cf. Introduction) 
as compared to the present value. 
At the transition 
V(T) - V * [23] 
and according to Eq. [llj the transition temperature Τ was experimentally 
found for amorphous layer thickness 
d
a
(T) - d* [21|] 
Combining Equations [ 2 3 ] and [2k], t h a t determine the rate and thickness 
involved, the s i m u l t a n e i t y of growth and c r y s t a l l i z a t i o n a t the t r a n s i ­
t i o n is expressed by c h a r a c t e r i s t i c l i f e t i m e d /V and i t follows that a t 
7
 a g 
the t r a n s i t i o n 
g a g a ^ J 
Upon g e n e r a l i z a t i o n and s u b s t i t u t i o n of the values mentioned above 
the growth r a t e a t the t r a n s i t i o n is found to depend on temperature w i t h 
a c t i v a t i o n energy 1,5 + 3-9 • S-k eV, which according to Eq. [ 1 8 ] is the 
a c t i v a t i o n energy of A . According to t h i s r e s u l t a considerable s h i f t 
of the t r a n s i t i o n temperature towards lower temperatures is t o be expected 
f o r growth at smaller rates (< 700 С belowCXOZ ym/min). S t i l l lovf values 
reported (J,&) for chemical vapour deposition of undoped s i l i c o n a t nor­
mal pressure can be r e l a t e d t o c r y s t a l l i z a t i o n during and immediately 
after growth. It Is noteworthy that In the present Interpretation the 
transition between crystalline and amorphous growth Is ful ly determined 
by the nucleatIon/growth kinetics of the crystallization of amorphous 
material. Work is in progress to verify this Interpretation by an experi-
mental Investigation of the transition as a function of growth rate and 
temperature: Both kinetic and structural aspects wi l l be subjects of a 
future paper (31). 
Sunraary and conclusions 
In eitu techniques are Indispensable In the study of after-growth 
solid-state anneal processes, which occur during growth. Laser interference 
patterns obtained during growth of silicon were found to deviate signi-
ficantly from those reported sofar. The theory of time-resolved optical 
ref lectivity during deposition of solid films Is extended In order to 
cover the case of growth In combination with a solid-state transformation. 
Application to the combined effects which result from a 5% change In 
refractive index as well as In specific density upon crystallization du-
ring and after chemical vapour deposition of amorphous silicon from SIH. 
not only leads to a fuller widerstandlng of the laser Interference pat-
tern but also yields detailed Information on the mechanism and extent of 
crystall ization. Two crystallization mechanisms were discerned: (i) at 
lower temperatures bidirectional crystallization was foind to predominate 
and ««as related to the different thermal histories at the various heights 
in the growing layer; the crystallization rate during growth was deter-
mined as a function of temperature (E - 2.9 eV); (ii) at higher tem-
peratures the crystallization at nuclei distributed throughout the amor-
phous layer becomes Increasingly Important; the rate of formation of 
-9-
these nuclei, which presumably originate from the surface of the materia) 
growing without hydrogenated surface layer, depends on temperature with 
E = 9.0 eV. The analysis of growth at constant rate in combination 
with a solid-state transformation process, which is described by the gene­
ralised Avraml equation, shows that eventually the layer of untransformed 
material takes a constant, finite thickness. Such a finite thickness was 
also found for the borderline case where amorphous growth switches over 
to crystalline growth. This transition was detected at 766 С with both 
reflectivity and emissivity measurements and a criterion was derived that 
describes the temperature dependence of the growth rate at the transi­
tion (E - S·1» eV). 
In conclusion it is remarked that the final structure of the deposited 
material evidently depends on the growth process as well as on the anneal 
process(es) that take place at the same time. Consequently, not simply 
just the deposition temperature but the kinetics and mechanism of growth 
and anneal process(es) have to be considered In order to understand the 
origin of the resulting structure. 
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CHAPTER V 
INDIRECT AND DIRECT FORMATION OF 
POLYCRYSTALUNE SILICON DURING CVD 
Abstract 
Amorphous growth and subsequent crystallization in the grown layer is 
Investigated and compared with crystalline growth from the gas/phase. Based 
on time-resolved optical reflectivity measurements a non-destructive, in 
situ method is developed for the determination of the crystallization rate 
In addition to the growth rate of amorphous silicon during CVD. The results 
of optical measurements are related to the crystallization process and the 
resulting film structure. Good correspondence is found for the crystalliza­
tion rates of CVD a-Si as compared to the <111> crystallization rates of 
a-Si prepared by other methods. 
Amorphous and polycrystal1 ine silicon films were formed on Si.N.-coated 
silicon substrates by CVD from 0.5 - 2.3% SIH. In H. at normal pressure 
(600 - 800 C, cold wall reactor). During CVD of amorphous silicon above 
τ- 630 С two limiting nucleatlon/crystalIIzation modes have been discerned 
(1), i.e. (A) unidirectional crystallization starting from the substrate 
Interface and (B) crystallization at nuclei, which are randomly distri­
buted through the bulk of the amorphous material (Fig. 1). Mechanism A was 
found to prevail especially at lower temperatures and higher growth rates 
as compared to mechanism B. As a result of such crystallization processes 
the oscillation duration τ of the monitored time-resolved optical reflec­
tivity (laser interference) was found not to be constant, even for constant 
-¿¿-
A 
s substrate 
g gas phase 
В 
a amorphous phase 
с crystalline phase 
Hg. 1. Sohemztia diagrams of the tuo limiting modes of crystallization 
during CW of amorphous eilioon; A. Unidirectional crystallisa­
tion starting from nuclei near the interface with the substrate; 
B. Crystallization via three-dimensional growth at nuclei, which 
are randomly distributed through the bulk of the amorphous solid. 
•A 
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Fig. 2. Oiäraateristic plot of the reciprocal of oscillation duration Ή 
as a function of time during CW of α-Si. The first deviation 
f*0"1 t h e τψα °wve is due to the onset of crystallization accord­
ing to mechanism A. A constant value is reached when amorphous 
growth from the gas phase and solid-state crystallization occur 
simultaneously with constant rates. 
-¿3. 
amorphous growth rate ν . For constant solid-state crystallization rate ν 
it was derived (1), that 
τ"' - (v„ + η ν Ud" 1, [1] 
g c a 
where material and process parameter η - -0.108 and the thickness increase 
per oscillation ûd - 0.15U*(v - 0) for the present experimental condi-
tions. Eq. [1] can be applied directly to find the crystallization rate in 
the case that crystallization occurs according to mechanism A. Fig. 2 illu-
strates that for amorphous growth in the absence of crystallization 
(v - 0)τ approaches τ , whereas τ goes to a lower (η < 0) value 
с max 
τ* (Eq. [1]) after the induction time for crystallization has passed. 
From these considerations it Follows that 
max ^ а с 
and accordingly the height Δτ of the maximum In the τ plots with res­
pect to т^ can be used as a lower approximation of ν . Observe that this 
procedure to obtain ν from the changes in oscillation duration Is entirely 
Independent of the growth rate ν . The experimental results are complied 
In Table 1 and plotted as a function of temperature In Fig. 3 (line a ) ; 
good correspondence is found as compared to the crystallization rate ob­
tained by annealing CVO a-Sl thin films (line b). The two sets of results 
were obtained Independently from measurements during and Imnedlately after 
growth, respectively, and their agreement illustrates the consistency of 
the separate Interpretations. 
The transfer of atoms from the amorphous to the crystalline phase at 
the a/c interface (insert Fig. 3) apparently requires an activation energy 
Q ж 2.9 - 3.0 eV. In view of the mean Si-Si bond strength and a 5% excess 
enthalpy of amorph ism (2) the proposal of a bond-breaking mechanism (3) 
for the interface-controlled migration of the a/c boundary implies that 
approx. 1.Ί strained Si-Si bond has to be broken on an average in order 
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that an atom jumps to a crystalline position. This seems to support the 
assumption (3) that at least two of its nearest-neighbouring atoms are 
already in crystalline positions. A maximum value of 2 can be expected if 
the jumping atoms at the interface are randomly oriented. 
In the same graph (Fig. 3) are also plotted the results from epitax­
ial regrowth experiments of a-Si not formed by CVD, but by Ion-implanta­
tion of Si in Si (3) or of Ρ in Si (Ό and by UHV evaporation (5). In con­
trast to CVD a-SI films on Si substrates, where epitaxial regrowth 
is usually prevented by a thin oxide layer at the substrate Interface, 
such systems provide the opportunity to study the crystallization rate as 
a function of the orientation of the interface. Results from those studies 
show a strong an i sot ropy of the growth rate. Upon comparison good corre­
spondence is especially found with the <111> crystallization rate, which 
suggests that CVD a-Si thin films crystallize along <111> too. This can 
be traced back to the Initial nucleation of crystallites near the substrate 
Interface with the low energy (Ί) {111} crystal face preferentially oriented 
parallel to the substrate. Recalling the two limiting crystallization modes 
discussed above. It Is speculated that in the case (B) that nucleation 
does not take place near the Interface with the substrate such a <111> pre­
ferred orientation will be absent and the two crystallization modes will 
lead to polycrystalline films with different crystallographic texture and 
different grain size. Clearly, in addition to crystallization during and 
¡nmedlately after amorphous growth, such crystallographic textures of the 
resulting Si films should be accounted for in a study of the crystalliza-
tion process of CVD a-Si by quantitative analysis of the {111} X-ray dif-
fraction peak height (6). 
In view of the solid-state crystallization as demonstrated above, the 
detection of crystalline material after deposition does not give conclu-
sive evidence as to whether growth from the gas phase was amorphous or 
crystalline. In order to decide on this during deposition in situ radia-
thickness: OBy Ifijj Au 8μ 
Fig. 4. Composite rrriorograph (SEM) shewing the increase of surface rough­
ness with inoreasing polyorystalline film thiokness (75УС; 
0.5» SiH4/B2). 
tlon pyrometry was found to be a sensitive technique: a continuously in­
creasing emissivity can be detected due to a steady increase of the sur­
face roughness (Fig. k) as a result of growth selection (7) during 
(poly)crystalI Ine growth. This feature Is at present successfully used 
in a study of the transition between amorphous and crystalline growth as 
a function of the temperature and deposition rate. 
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CHAPTER VI 
CVO SILICON STRUCTURES FORMED 
BY AMORPHOUS AND CRYSTALLINE GROWTH 
Abstract 
Amorphous and crystalline growth of silicon by chemical vapour depo-
sition (CVD) via si lane S1H. In hydrogen H. at atmospheric pressure (s 
Investiqated as a function of temperature (560 - 900 C) and deposition 
rate (0.003 - 2 um/min) by in eitu optical reflectivity and emissivity 
techniques and after growth by X-ray diffraction and microscopy. The 
structure of the amorphous grown films Is to a large extent governed by 
solid-state transformations (a-SI:H -+ a-Sl; a-Si -* c-Si) during and after 
deposition in this temperature Interval. If solid-state crystallization 
occurs, the resulting amorphous and crystalline regions can be shown by 
bevelling the sample. Different crystallization modes (unidirectional, 
three-dimensional) are related to different crystallographic texture and 
grain size of the resulting material. For the case that the crystalliza-
tion process obeys a particular Avraml kinetics (A,3) the remaining 
overall amorphous layer thickness Is calculated as a function of the time 
of growth. The internal and external structure of films formed by crys-
talline growth is related to growth rate an i sotropy. The growth rate and 
the temperature at the transition between crystalline and amorphous growth 
are mutually related by the solid-state crystallization kinetics (E • 
5.«· eV). 
1. Introduction 
Traditionally, the structure of polycrystalI ine and amorphous CVO 
silicon layers has been studied as a function of deposition temperature; 
few investigations [1,2] include the growth rate as an independent para­
meter. Recently, experimental evidence was presented [3-7] for the ac­
tion of after-growth solid-state anneal processes and in view of the 
kinetic nature of these phenomena an additional dependence of film struc­
ture on growth rate must be expected. Both time-resolved optical reflec­
tivity and emlssivtty measurements during and limiediately after CVD were 
demonstrated to be sensitive and powerful techniques for in situ inves­
tigation of the structure of the silicon layers. This experimental pro­
cedure is pre-eminently suited to detect the transition between amorphous 
and crystalline growth [6] and Is applied here in order to study this 
transition as a function of temperature and growth rate. After growth, 
X-ray diffraction and microscopy are applied to complete the analysis. 
The first section of this paper (3-1) illustrates the impact of solid-
state crystallization during amorphous growth by experiment and calcula­
tion. In the second section (3.2) the different growth regions and the 
resulting layer structure are investigated. 
2. Experimental procedure 
Silicon films, mostly 1.6 \im thick, were grown onto Si,N.-coated 
silicon at surface temperatures between 560 and 900 С by chemical va­
pour deposition via sitane SiH. in hydrogen H. at atmospheric pressure. 
In addition, SiO.-coated and uncoated silicon were used as substrates 
and depositions were also made in 12% and 1.2% hydrogen in helium. The 
oxygen content (H.O, 0.) of the gas phase was typically < 1 ppm. Opti­
cal path length differences detected in time-resol ved optical reflectiv­
ity measurements (Fig. 1) allowed to measure the kinetics of growth and 
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Fig. 1. Experimental eet-up for in situ determination of the rates of 
grouth and solid state trans formation processes by time-re­
solved optiaal reflectivity теааигетепів. The PbS photocell 
alternately faces the emitted thermal radiation with and with­
out the laser light reflected by the sample. 
solid-state transformation processes [Ί,ά]. The thermal radiation emitted 
by the specimen was detected with a calibrated radiation pyrometer (band­
width 1.9 - 2.6 wm). Further details as to the deposition system and the 
in eitu measurements have been published elsewhere [3.Ί]· 
The crystal Iinity of the films and the predominant orientation of 
the component crystallites with respect to the substrate, were investi­
gated by 2e-scans with an X-ray diffTactometer (Philips PW 1050/25) 
equipped with a 1 divergence silt using CuK radiation (λ » 1.54 A ) . 
The normal configuration allowed to decide on the crystallographlc tex­
ture by comparing the peak intensity ratios with those ef an at random 
oriented silicon powder, but prohibited to discern the (Ί00} diffraction 
peak from films deposited on <100> oriented single crystal substrates. 
3. Results 
3.1. Solid-atate avyatallizaticm during anorphous groath 
From optical reflectivity measurements It was derived [6] that a 
1.6 um thick CVD SI film grown at 6550C at a rate of 0.19 wm/min If 
quenched ¡nmedlately after growth, would be crystallized during deposi-
tion for half of Its thickness. In order to obtain an Image of the confi-
guration of the amorphous and crystalline phase in the deposited film a 
spherical depression was ground (0.25 lim diamond abrasive; ΊΟ плі ball 
diameter) through the film Into the substrate [8]. A SEM Image of the 
resulting ball bevel (surface angles <_ 0 18') exhibited only minor con­
trast differences between the amorphous and crystalline regions. The 
amorphous-crystalline junction was delineated using a standard CP4 a 
etchant solution [9]. Figs. 2a and 2b show optical micrographs of two 
bevels In this same sample without and with delineation respectively. 
The a/c boundary Is made to show up as a result of two phenomena: (г) 
a dark ring appears (Fig. 2b) due to light scattering by the locally 
-ν? 
Fig. 2. a,b. Optical micrographs of tuo ball bevale in the вате sample 
without (a) and with (b) delineation showing amorphous and 
crystalline regions in a film that orystallized halfway during 
deposition (differential interference contrast); с Surface 
profiler trace of bevel b.; d. Schematic diagram of cross sec­
tion of ball bevel b. showing the relationship between the op­
tical micrograph and the profiler trace. 
Fig. 3. Transient and steady-state regions of the overall amorphous 
layer thickness d . during amorphous growth ("* ν .) with 
OJ1 g,i 
1/3 
simultaneous solid-state crystallization Í4 /L ) . The effect 
of changing ν or A in the formation/transformation kinetics 
is shown in the positions of d „ (v „ = ν , . A. > A,) and r J
 a,2 g,2 g,l' 2 1 
1/3 d
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rough surface; !іг) a difference in etch rate [10] between the two types 
of material allows to detect the a/c interface as a step by running a 
surface profilometer across the etched bevel. Fig. 2c shows the chart 
trace corresponding to such a scan in the direction of the polishing 
scratches through the center of the etched bevel. The relationship be­
tween the micrographs and the profiler scan is Illustrated by means of 
a schematic diagram (Fig. 2d). 
Experimentally, the gas phase composition can be adjusted in such 
a way that at a certain temperature the deposition rate ν of CVD a-Si 
becomes smaller than Its crystallization rate ν . In that case, however, 
the crystallization front still lags behind the amorphous growth front 
as the growth of crystallites In the amorphous material is preceded by 
their nucleation and has initially a very local character. For a solid-
state nucleation / growth kinetics described by the generalized Aνrami 
equation (A,m) the overall remaining amorphous layer thickness during 
amorphous growth is given by [6] 
d - ν A- , / ml Y(i, At") . (1) 
a g m m g 
which was calculated numerically for m » 3 and Is displayed (dot and dash 
line d, . for a certain ν and A) as a function of the time of growth t 
a,1 g 3 g 
in Fig. 3- In the origin the tangent to the curve takes a slope ν and 
Ь
 9 
this straigt line represents the total layer thickness as function of 
time. Its distance to the d curve represents the overall crystalline 
layer thickness d , which starts to increase significantly only after a 
total layer of approximately J d has been deposited. The curve for d 
a a 
Illustrates that the (asymptotic) steady-state value 
d - 0.89 ν / А ' / 3 (2) 
a g 
is largely attained after a characteristic time t » d /v - 0.89 A~ . 
с 3 9 
Observe that d is governed by the ratio of the rates of the deposition 
from the gas phase and of the solid-state transformation process. Start­
ing (1) from the value d , a lower value d , , is reached by (2) in-
a i ι a
 v¿ tj 
creasing A, eg. by increasing the temperature, or by (3) decreasing the 
growth rate ν (Fig. 3). If the transition from amorphous to crystalline 
growth is to be found for a constant, minimum ("critical") value d 
(•v 5 nm) It follows that the growth rate ν for which the transition oc­
curs is given by 
ν 9 0789 
а_л'/3 A ' " (3) 
and therefore Its temperature dependence should equal that of A , 
which in an anneal study was found [6] to be thermally activated with 
E
.ct * * Л e V · 
3.2. Groüth regions and reauiting structure 
Fig. Ί shows the results of the growth rate measurements as a func­
tion of the specimen surface temperature for sitane contents of approxi­
mately 0.09, 0.3, 1.0 and 2.3% in hydrogen at atmospheric pressure. With 
respect to gnxth three regions can be distinguished, which are bordered 
by two lines: (i) a dashed line separating the regions of a-SI:H growth 
(at lower temperatures and higher growth rates) and of a-Si growth; this 
transition (and its relationship with the temperature dependence of the 
growth rate) has been dealt with elsewhere [ Ό and is mentioned here 
only in passing; di) a starred line separating the regions of a-SI 
growth and of c-SI growth (at higher temperatures and lower growth rates); 
this transition is encountered at 687 С for growth at 9-12 10 iim/min 
and at 766 С for growth at 1.29 iim/min and the transition line has a 
slope corresponding to 5.Ί eV. An additional. Intermediate line (dotted 
in Fig. Ί) will be discussed in connection with the resulting structure 
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Fig. 4. Reauiting crystàllogvaphic textures mapped in an Arrhenius plot 
of the grouth rate ν of ailicon filme formed by CVD with aitane 
а 
in hydrogen at atmoapherio preeeure. Three growth mode regions 
c-Si/α-Si/'α-Si:H bounded by two transition lines (starred, reep. 
dashed) are found as a funotion of growth rate and eurfaae tem­
perature. Correlated differences are observed in in situ emiasi-
vity and reflectivity measurements. 
Fig. 5. Characteristic behaviour of the apparent, indicated temperature 
Τ. , during and after growth (Si on Si) at constant temperature 
T. For a single deposition rate the three growth mode regions 
are shown on a temperature scale. 
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of the films (3.2.3.). In the following the experimental results will be 
described, which allowed to discern the various regions. 
3.2.1. Emiasivity 
For growth at one and the same deposition rate (horizontal line Is 
Fig. 4) three temperature regions are distinguished (Fig. 5) according 
to systematic changes in the apparent indicated temperature T. ,, as 
measured with a radiation pyrometer, due to emissivity changes during, 
cq. after growth at constant surface temperature T. A complementary re­
presentation of the three growth regions could be given by this same 
scheme for one and the same temperature (vertical line In Fig. Ό with 
* * · 
ν > v', v' > ν > ν and ν < ν replacing T < Τ', Τ' < Τ < Τ and 
9 9 9 9 9 9 9 
* 
Τ > Τ respectively, even though the experimental deposition conditions 
did not allow to distinguish all three regions at a single temperature. 
For the sake of clearness oscillations in T. ,, which arise during the 
first stages of each growth experiment [11], are omitted In Fig. 5; ex­
perimentally these oscillations are damped by using a pyrometer with a 
broad bandwidth. Interestingly, only for a-Sl:H growth an anneal effect 
was observed In the emissivlty, whereas upon annealing the crystalliza­
tion of CVD amorphous silicon was found not to change the emissivity of 
the material measurably at the present wavelengths. The smooth films ob­
tained by a-Si:H and a-Si growth display specular surfaces and their 
lack of features complicates beam focussing in SEM observation. During 
c-Si growth the increasing emissivity of the sample results from an in­
creasing surface roughness [71 as growth proceeds. This roughness is 
readily detected by SEM, but also by optical microscopy, where increased 
light scattering leads to a darker aspect of the surface, and even by 
visual inspection because of the milky-white appearance of the samples. 
'7s-
3.2.2. Reflectivity 
In addition to growth rate measurements, appi I cat ¡on of the time-
resolved optical reflectivity technique allows to monitor solid-state 
transformations which give rise to changes of refractive index and/or 
specific density. Immediately after a-Si:H and a-Si growth two regres-
sions in the laser interference signal were detected [3]: tt) after 
a-SI:H growth at the same time scale as the disappearance of the sur-
plus emlssivity [4]; (ii) after a-Si:H and a-Si growth, be it after ad-
ditional heating for depositions below approx. 620 C. This second re-
gression Is a result of the crystallization of amorphous material and 
Is readily distinguished from the first one, when both occur side by 
side, as It is much slower and larger. The amount of regression (ii) de-
creases towards higher temperatures and towards lower deposition rates. 
Only samples (> 620 C) which had completed their regression were used 
In x-ray diffraction measurements. For c-Si growth no such regression 
was observed after growth. 
3.2.3. Х-тау diffraction 
Fig. Ί shows the crystallographlc texture of the silicon films de­
posited on Si.N.. At the lowest temperatures (< ^  620oC) amorphous films 
were found as evidenced by an extremely broad, flat-curved diffraction 
peak centered at a diffraction angle corresponding to an "Interplanar" 
spacing of 3-19 « (Cf. d... · 3.1Ί Д). As Judged by the relative Inten­
sities of the diffraction peaks, at higher temoeratures regions with 
<U1> and <110> crystal lographlc texture prevail. These regions are sepa­
rated by a narrow strip where random-oriented material is found. The 
border (dotted line) with <111> oriented material Is rather vague: to­
wards higher temperature or lower growth rate the <111> peak intensity 
gradually diminishes and its width increases. The border (starred line) 
with <110> oriented materia), on the other hand, is sharply defined. This 
border coincides with the separation line distinguished by emissivity and 
reflectivity measurements and is identified as the transition line be-
tween a-Si and c-Sl growth. 
3.2.k. Dependence on nature of subetrate and gaa phase oompoaition 
Qualitatively the preferred orientation of the crystallites in 
1.6 um thick silicon films deposited on S¡0.-coated and uncoated sili-
con slices was found to be the same as in those deposited on Si.N.-
coated silicon under the same conditions. Also the corresponding dif-
ferences in surface roughness were found and in consequence the same 
a/c transition line. In order to investigate the role of the gas phase 
hydrogen content on the position of this transition line, additional 
experiments were conducted in gas mixtures of 12% and 1.2% hydrogen in 
helium with si lane contents down to 0.02%. Within experimental accuracy 
no difference in the position of the transition line was found for 
growth rates around 0.0Ί gm/min b> 710 C). 
Ί. Discussion 
The occurrence of both an amorphous and a crystalline layer In a 
specimen that was quenced immediately after growth is clearly illus­
trated in Fig. 2. The relative positions of the two phases confirm 
that growth is not partially amorphous, partially crystalline: these 
films grow amorphous and their thermal history during as well as after 
deposition determine the extent to which crystallization occurs as a 
solid-state anneal process. Insufficient recognition of the structural 
inhomogeneity of these films as reported above could easily lead to 
conflicting findings as to the crystal 1 inity of the samples as detected 
by different methods, cf. X-ray diffraction of the full layer vs. RHEEO 
~8o-
or TEH examination of a thin section obtained near the surface vs. over­
all etch rate differences [10]. It is clear that the full thermal history 
of these samples should be envisaged and their resulting 1nhomogeneity 
properly accounted for in order to avoid incorrect interpretation of eg. 
electrical and optical measurements with respect to their structure [5]. 
If, during growth, three-dimensional crystallization at randomly-
distributed nuclei prevails and the kinetics can be described by the 
generalized Avrami equation, the time-dependence of the overall thick­
ness of the untransformed layer is given In Fiq. 3 (drawn for m = 3). 
It shows that, initially, crystallization is virtually absent, but af­
ter some time a steady-state situation develops where the amount of 
untransformed material takes on a constant value d [6]. Recently, such 
a layer of material was also detected in an in situ Raman study of the 
growth of microcrystal1 ine silicon [12], where a non-thermal crystalli­
zation process occurs around 300 С in the presence of a plasma. 
In view of the kinetic nature of the solid-state crystallization 
process the growth rate ν is considered as the main deposition parame­
ter In addition to the deposition temperature T. This is further ex­
emplified by the different crystallographlc textures as indicated In 
the Arrhenius plot of ν : it Is evident from Fig. Ί that the prevalent 
crystal orientation strongly depends on both deposition temperature and 
deposition rate. Around 720 C, for example, one could find either a 
<111>, or no, or a <110> texture depending on growth rate. 
Based on thermal emissivity and laser interference measurements 
It has been derived ['t] that during a-SI:H growth a surface layer Is 
present in which hydrogen split-off and/or Si-Si bond formation have 
not occurred yet. Host probably the constant surplus emissivity ΔΤ du­
ring growth (Fig. 5) relates to a steady-state surface layer thickness, 
that could also be described by an expression like Eq. (1) (and, accord-
.9/. 
inflly, the a-S¡:H / a-Si growth transition by Eq. (3)). Below approxima-
tely 620 С the combination of a long induction time for crystallization 
with a small rate of crystallization makes that little or no crystalli­
zation occurs in these samples. However, for a-Sl:H growth at higher 
temperatures nucleation near the substrate Interface (and subsequent 
growth) of crystalline silicon allows the distinction of three structur­
al layers during deposition. Although under these conditions the upper­
most layer of a-Si:H rapidly anneals imnediately after growth, the re­
maining two layers, a-Si on top of c-Si, can be visualized (Fig. 2 ) . 
Observe that these layers display a distinct <111> texture in combina-
nation with <111> crystallization kinetics [5,7]. 
Towards higher temperatures, however, the preferred orientation 
gradually becomes less pronounced, until eventually the crystallites 
are practically randomly oriented and it Is of Interest to compare this 
with the increasing contribution of three-dimensional crystallization 
at randomly-distributed nuclei, which was found in these samples to­
wards higher temperatures [6]. In Fig. Ί a dotted line separates the 
regions where predominantly <111> oriented or randomly oriented material 
is encountered and it Is clear that this line can be crossed by changing 
either the deposition temperature or the deposition rate. Although an 
increasing nucleus density for increasing temperature Is to be expected 
[131, its dependence on the deposition rate is less evident. Two sug­
gestions are offered that could be related to this behaviour: (i) Appli­
cation of a birth-and-bury model with time-independent surface nuclea­
tion rate ν leads to a crystalline nucleus density which is directly 
proportional to the life time of a surface layer and therefore inversely 
proportional to the growth rate; this same approach has led to an ac­
ceptable value for the activation energy of ν lb]; (ii) Impurities 
(oxygen) incorporated in the layer during growth could act as nucleation 
-A. 
centers and a higher impurity content in the films grown at lower rates 
accordingly leads to a higher nucleus density. Regardless its precise 
formation mechanism, it follows experimentally that the larger impact 
of crystallization at randomly-distributed nuclei towards higher Τ and 
lower ν results in a destruction of the <111> crystallographic texture. 
As this goes together with an Increasing <111> peak width, it Is suggest­
ed that this interpretation in terms of solid-state crystallization 
could account for a region of minimum grain size flow temperature ano­
maly") as detected in a TEH study [1Ί]. From a technological point of 
view deposition under these conditions Is of interest as it allows to 
obtain in a single deposition run polycrystalline silicon layers with 
a smooth surface in combination with a small grain size, a requirement 
of decisive importance In submicron VLSI techniques. 
Towards still higher temperatures and still lower deposition rates 
the region of c-Si growth Is entered, where the surface roughness of 
the samples increases with Increasing thickness. The increasing rough­
ness of polycrystalline silicon films formed by diffusion-limited CVD 
has been considered [15] in terms of Interface stability. Here, however, 
where the growth rate Is controlled by the kinetics of surface processes 
[4], growth rate anlsotropy typical of crystalline growth gives rise to 
an evolutionary growth selection mechanism ("survival of the fastest", 
[16]), which explains the various features characteristic of these 
films. As growth proceeds, after randomly-oriented nucleation [17], the 
number of crystals that extend to the surface progressively decreases 
and the remaining ones are more and more those with the rapid growth 
direction normal to the substrate: their outward growth is centrally 
faster than near the grain boundaries. An additional phenomenon could 
contribute to the roughness: also the interfacial energy associated with 
the crystal boundaries may aversely affect the growth at these places [18]. 
Fig. в. SEM vieu of the surface and the fvaatured edge of a silicon film 
with a <110> gpoath texture chemical vapour deposited onto a 
Si J) -coated silicon single crystal substrate (900 C, 1.1 \¡m/ 
min, 11.7 vm thick). The microfractograph shows both the cone-
shaped structure of the deposit and the rough surface charac-
teristic of c-Si growth under the present conditions. 
.a. 
The (development [19] of the) crystallographic texture also finds 
its origin in the crystal growth rate anisotropy: apparently <110> is 
the rapid growth direction. The microfractograph in Fig. 6 shows both 
surface structure and internal structure of these films. The present 
cone-shaped microstructure due to evolutionary selection should be dis­
tinguished from the columnar microstructure [20] due to geometric sha­
dowing under conditions of "limited" atomic mobility. It is, however, 
unlikely that the condition of "Infinite surface diffusion" prop-ounded 
for growth selection in physical vapour deposition processes [16,21] 
also applies to the present chemical vapour deposition process. In fact 
the proximity of the amorphous growth region indicates that during depo­
sition surface diffusion is severely restricted, presumably as a result 
of the presence of adsorbed hydrogen and/or oxygen which obstruct the 
movement of silicon growth units along the surface and prevent crystal­
line growth. Nevertheless, reduction of the gas phase hydrogen content 
down to 12% and 1.21 did not shift the position of the transition line. 
A similar observation was made with respect to substrate chanqes: al­
though the nature of the substrate seriously influences the nucleus den­
sity [22] and as a consequence both grain size and <110> texture develop­
ment as a function of layer thickness, the transition between amorphous 
and crystalline growth as detected here for steady growth conditions is 
neither expected, nor found to be dependent on the nature of the sub­
strate. The same holds, mutatis mutandis, with respect to the dependence 
on layer thickness. In a similar deposition system [ih] this transition 
can be noticed somewhere within the temperature interval 700 - 750 С for 
deposition rates of 0.1 - 0.2 pm/mln, which Is in good agreement with 
the present measurements. 
Reerys tal 1ization processes [23] have been proposed [2Ί] in order 
to account for a sharp transition between a non-crystalline and a poly-
-fr-
crystalline structure as detected in a study concerning the grain size 
of polycrystal1 ine silicon films. The inequality 0.89 ν /d A < 1 as 
a criterion for crystalline growth according to Eq. (3), was inspired 
by an analysis of the inherent instability of the amorphous growing sili­
con, rather than by a study of typical surface process parameters such­
as the rates of migration, adsorption and desorption of the various 
species present at the surface during deposition. In view of the aniso-
tropy of these processes such a study is expected to lead to a different 
transition line for each crystal face. No evidence of such differences 
was obtained in the present deposition system. Here, theoretical and 
experimental results suggest that the transition between amorphous and 
crystalline growth can be described as a boundary case of crystalliza­
tion during amorphous growth. 
5. Conclusions 
At surface temperatures between 560 and 900 С silicon films 1.6 urn 
thick were deposited through pyrolytic decomposition of sitane SiH. in 
hydrogen H. at atmospheric pressure. The relationship between internal 
and external structure on the one hand and deposition rate and surface 
temperature on the other was Investigated. By means of a simple bevel-
and-etch technique a direct image can be obtained of silicon films con­
sisting of an amorphous layer on top of a crystalline layer, that origi­
nate from solid-state crystallization during amorphous growth. When 
such processes occur simultaneously the remaining amorphous layer thick­
ness depends especially on the nucleation/growth kinetics of crystalli­
zation, the rate of amorphous growth and the time of growth. The tran­
sient and steady-state regions were found in a calculation of the over­
all amorphous layer thickness for the case that the crystallization 
process obeys an Avrami (A,3) kinetics. The transition between amorphous 
-ft-
and crystalline growth was determined as a function of deposition rate 
and surface temperature by optical reflectivity and emissivity techni­
ques, that were applied in situ. After growth this transition can be 
detected by X-ray diffraction and microscopy as a transition between 
different forms of polycrystal1 ine silicon. A dramatic morphology change 
Is found: (i) amorphous growth attended with solid-state crystallization 
gives rise to smooth-surfaced films with a crystalline fraction up to 
100t depending on its thermal history during and after growth. At low 
temperatures and high growth rates unidirectional crystallization 
starting near the interface with the substrate gives rise to crystal­
lites preferentially oriented along <111>. Towards higher temperatures 
and lower deposition rates the increasing contribution of three-dimen­
sional crystallization at randomly-distributed and-oriented nuclei 
destroys the <111> crystallographic texture and gives rise to a smaller 
grain size, (ii) Towards still higher temperatures and lower deposition 
rates crystalline growth leads to <110> textured films with rough sur­
faces as a result of growth rate anisotropy. The growth rate and the 
temperature at the transition between crystalline and amorphous growth 
are mutually related by the solid-state crystallization kinetics 
(E • 5.Ί eV). In conclusion, an overall picture is obtained of the 
surface and solid-state processes, that determine the structure of the 
CVD silicon films in the present growth system. A further elucidation 
of these processes is presumably obtained by comparison with similar 
data obtained in low pressure systems [25], which are of current techni­
cal interest. 
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CHAPTER VII 
SURFACE MORPHOLOGY OF POLYCRYSTALLINE SILICON 
FILMS FORMED BY CHEMICAL VAPOUR DEPOSITION 
Summary 
Polycrystalline silicon films were grown on SI,N, through CVD from a 
SiH./H. ambient at 900 С at atmospheric pressure. A two-stage nucleatlon 
process enabled SEM observation of Isolated single crystals in addition to 
the more familiar dense poly layers. The direction of fast growth is <110> 
and the crystals are bounded by slow growing {111} and {100} faces. Novel 
surface features are reported that presumably arise from the action of stress 
and impurities during growth of these layers. 
1. Introduction 
Various studies have dealt with the subject of surface morphology of 
silicon single crystals prepared by CVD. For polycrystal1 ine layers the si­
tuation Is different: several complicating features Impede a straightforward 
interpretation in terms of growth behaviour. A number of these difficulties 
presumably result from the mutual interaction of the growing crystals and 
consequently it could be helpful to have at one's disposal some single crys­
tals grown under the same conditions, which could serve as a prototype. In 
this respect it is appropriate to note that the difference between single 
crystalline growth and polycrystal1 ine growth is here primarily a difference 
in nucleatlon rather than a difference in growth: CVD of dense polycrystal1 ine 
silicon layers occurs through formation of randomly-oriented nuclei, which 
-f' 
subsequently continue to grow as single crystals [1]; those crystals with 
the fastest-growing direction close to the substrate surface normal even­
tually survive In the ensuring competition for the available space [2]. 
The Initial nucleatlon of silicon on the substrate thus plays'a decisive 
role with regard to the resulting grain size in the polysillcon layer. In 
an extensive study [3] It has been found that the nucleus density is direct­
ly proportional to the si lane Input pressure and consequently a low super-
saturation can be applied to grow large grains. In this paper we report on 
the surface morphology of silicon layers prepared via a two-stage nuclea­
tlon process, which display Isolated large grains In addition to the well-
known dense poly layer. 
2. Experimental procedure 
On silicon slices coated with I6OO A SI^NL polycrystalI Ine silicon 
films were formed by chemical vapour deposition from si lane In hydrogen at 
1 atmosphere and at a surface temperature of 900 С The oxygen content of 
the gases used was typically < 1 ppm. Further details of the experimental 
set-up have been published elsewhere Ik}. 
The nucleatlon stages are Illustrated in Fig. 1. A very low si lane flow 
was maintained during the first nucleatlon stage (^  12 min.) Although this 
flow was ^measurable In the gas mixing equipment employed, the si lane sup­
ply was readily controlled with an extremely low flow needle valve (Brooks) 
and further control of the supersaturation was achieved by changing the hy­
drogen carrier gas flow. The average linear gas velocity was never below 
50 cm/s. After the deposition of a few hundred A silicon (mean thickness as 
monitored by in situ infrared laser Interference) the supersaturation was 
increased during growth. After deposition of 1 pm, growth was continued up 
to a total thickness of 11.7 pm at a rate of 1.1 pm/mln. (t 0.3% SiH.). 
a 
m 
Schematic diagram of tuo-stage nucleaticn process; a. after the 
initial nucleation at low eupereaturation; b. growth of the ran-
domly-distributed primary nuclei; a. after subsequent nucleation 
at high supersaturation. In reality growth rate anisotropy leads 
to non-spherical crystals and a distinct growth texture in the 
dense poly layer (c). 
Scanning electron micrograph of the dense poly layer. Note the 
numerous surface grooves and the absence of facets. 
Scanning electron micrograph offers a general view of layer grown 
by a two-stage nucleation process. Note the dense poly layer in 
•he background, which eventually overgrows the single crystals. 
Insert: cross-section perpendicular to the <110> crystal axis 
showing the relevant faces and directions, 

3. Results and Discussion 
3.1. Dense poly layer 
From X-ray diffraction measurements [5,6] the predominant crystal orien­
tation Is known to be the <110> direction In accordance with the growth rate 
an I sotropy In this system [7]. The <110> crystal direction Is consequently 
found in the direction of the tops of the crystals in Fig. 2. Observe that 
no [β] facets are present at the slopes of the crystals. Nevertheless, using 
a two.circle optical goniometer it was found that these slopes are not ran­
domly oriented: in addition to the background Intensity of di f fife reflected 
light a contribution of preferentially reflected light was detected by vi­
sual observation between 29 and 39 off-normal. A range of slopes (+ 10 ) 
Is not surprising in view of the evolutionary selection growth mechanism. The 
main low Index faces near <110> In this Interval are {111} at 35.3° and {IOO} 
at 45 - A definite maximum in light reflection was encountered at 37 (all 
results of 32 measurements within + 2 ). 
A straight-forward Interpretation of the detailed surface morphology of 
each crystallite Is especially complicated because of their internal defect 
structure: the crystals, which are subject to large tensile stresses in the 
film plane [51, are known to contain many crystalline defects such as micro-
twins and stacking faults [9]. The numerous surface grooves and re-entrant 
corners, which can be observed down to a few hundered A (Fig. 2 ) , are thought 
to arise from growth near the section of these defects with the surface, where 
local stress fields could seriously Influence the resulting surface morpholo­
gy and obliterate any facets. 
3.2. Solitary single cryétais 
The overall appearance of the solitary single crystals against the back-
ground of a dense poly layer (Fig. 3) is very similar to the growth of such 
crystals through the pinholes in a thin oxide layer [10]: Preferred nuclea-
tion and subsequent growth takes place In both cases. The inset of Fig. 3 
outlines the {111} and {100} faces with respect to the <110> rapid growth 
direction along the axis of the hexagonal crystals. All these crystals exhi­
bit a pointed top and a distinct taper to a differing extent. The phenomenon 
of crystal taper is generally related to the presence of Impurities [11,12] 
and Its occurrence Implies that the ratio ν ./ν decreases during growth. 
rad ax 
For a time-independent axial growth rate at constant supersaturation a de­
crease of the radial growth rate ν . Is accordingly thought to arise through 
selective impurity adsorption and accumulation on the crystal faces and a 
consequent stunting of the growth by blocking off growth sites. The presence 
of such impurities on these faces can also be deduced from the nature of 
the "elfin saddle" growth In the form of projecting shelves or brackets near 
the edge between adjacent {111} faces (Fig. 3,k). This additional growth ap­
pears to take place through renewed nucleatlon Instead of regular attach­
ment to these faces. Furthermore, It Is found that these projections meet 
the adjacent faces at nearly right angles, which Is not in accordance with 
a Sl-on-SI wetting condition. The action of Impurities should not be under­
estimated: at an only 130 С lower temperature silicon was even found to 
grow amorphous [6,131· 
It Is a matter of speculation as to whether adsorbed Impurities could 
also stabilize the SI {100} face, which In the ΡВС theory has been denoted 
[14] as a (fast-growing) kinked face (no steps). As a major Impurity oxygen 
can be chemlsorbed, bridging neighbouring Si surface atoms along the <110> 
directions In the {100} surface planes. Although handicapped by the SEM de­
tection limit (^  200 A) close-spaced surface steps along these directions 
are also observed (Fig. 3,4)· The steps appear to continue on adjacent sec­
tors around the crystals, but those on the {111} faces do not Ile In a plane 
perpendicular to the crystal axis: From the edge between the {111} faces the 
steps are observed to run slightly upward, presumably along the <110> PBC 
directions. Observe also that a wider step spacing correlates with the "elfin 
saddle" growth described above (Fig. 4b). _ƒ.*'-
Hg. 4. a. Soamting eleotron micrograph shooing "intergrajth" of separate 
crystals; b. Detail sharing surface steps and characteristic 
"elfin saddle" grouth near the edge between the {111} faces. 
In conclusion it is remarked that impurities as well as the internal 
defects affect to a large extent the surface morphology of CVD polycrystal-
1 Ine st 1 Icon fi 1ms. 
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CHAPTER Vili 
ADDITIONAL X-RAY AND ELECTRON DIFFRACTION 
PEAKS OF POLYCRYSTALLINE SILICON FILMS 
Abstrtct 
As yet unidentified, additional diffraction peaks are revealed In X-ray 
and electron diffraction measurements with as-grown, Implanted and annealed 
CVD silicon films. The origin of these diffraction peaks Is systematically 
Investigated both experimentally and theoretically, and a number of plausible 
explanations are refuted. These peaks appear to be characteristic of the 
polycrystalline silicon films and as to their origin a new polytypic silicon 
modification Is proposed. 
-n-
1. Introduction 
During the last few years, electrical and optical applications as well 
as an intrinsic scientific Inqulsltlveness have Inspired extensive Investiga­
tions with respect to the relationship between the structure of polycrystal1 Ine 
and amorphous silicon films on the one hand and their processing conditions 
on the other. X-ray diffraction has been applied In a number of cases as a 
nondestructive technique to study silicon film structures: Information 
regarding stresses, crystallographlc texture, grain size, etc. can be 
obtained [1] by an analysis of the position. Intensity and profile of the 
main diffraction peaks corresponding [2] to atomic lattice planes. In this 
paper we are particularly concerned with some as yet unidentified diffraction 
peaks which we observed close to the main {111} and (311) Bragg diffraction 
peaks. Most distinct is an additional peak {111~} located at the low angle 
side of the main (111) reflection and occurring as a shoulder to It or as a 
separate peak depending on conditions. Similar X-ray observations of this 
peak have been reported for plasma-deposited silicon films [3] and for a 
hydrogenated amorphous silicon film after crystallization [Ί] but, 
Interestingly, It Is not always reported despite detailed X-ray Investigations 
of polycrystalline silicon films Involving the {111} diffraction peak [5-8]. 
Although the additional diffraction peaks tend to Impede a straight-forward 
peak analysis [9,10], the understanding as to their origin could In Itself 
lead to a more fundamental Insight In the structure and growth of the silicon 
layers Involved. In this paper we report the results obtained by X-ray and 
electron diffraction with polycrystal 1 Ine and amorphous silicon films formed 
by chemical vapqur deposition under widely divergent growth conditions. 
-/A?-
2. Experimental 
2.1. Specimen preparation 
The silicon layers examined were grown by chemical vapour deposition 
through thenul decomposition of sitane SIH. both In low pressure (LPCVD) 
and atmospheric pressure (APCVD) flow systems at temperatures In the range 
of 560 - 1000 0C and growth rates of 0.003 - 2 wm/mln. Four series (a-d) of 
deposition conditions are distinguished. 
(a) LPCVD layers of 0.35, 0.75 and 2 μι» thickness were grown at a rate 
of 0.0085 iim/mln on S10,-coa ted, (lOO)-orlented silicon substrates In a 
nitrogen ambient at 625 0C In a standard low pressure reactor [11]. Undoped 
as well as boron-Implanted layers were studied. The Implantation dose was 
16 -2 
1 χ 10 cm and the Implantation energies were chosen so that the maximum 
boron concentration was situated In the centre of the film (55 keV and 130 keV 
for the 0.35 and 0.75 lun film, resp.). Isochronous anneals of both as-grown 
and Implanted samples were conducted during 1 hr at BOO, 900, 1000 and 1100 0C 
In a N-/H. gas mixture. 
(b) LPCVD layers of 0.8 - 3.6 um thickness were deposited at rates of 
O.OO35 - O.O65 pin/min simultaneously on S10 -coated, (510)- and (lOO)-orlented 
silicon substrates In a nitrogen ambient (1 mbar total pressure) at temperatures 
ranging from 585 - 700 0C. 
(c) APCVD layers were grown on SI,N,-coated, (lOO)-orlented silicon 
substrates In a hydrogen ambient In an air-cooled, horizontal reactor described 
In [12]. At 700, 850, 900 and 1000 0C silicon layers of 2.0 - 3.5 ym thickness 
were grown at rates of 0.10 - 0.35 iim/mln. Carbon doped specimens were prepared 
by adding a small amount of C.H. to the gas phase, keeping the other growth 
conditions the same [13]. 
(d) APCVD layers of 1.6 IM thickness were deposited at 560 - 900 0C In 
hydrogen with growth rates ranging from 0.003 - 2 iim/mln on SI,N.-coated, 
SlO.-coated and uncoated silicon substrates oriented along (100) [1Ί]. 
2.2 . Х-гац diffraction 
Continuous scans were made with two different Philips PU 1050 dlffracto-
neters (divergence silt 1 , detector slit 0.2 imi). Step scans were made 
with a Siemens type F ω-dlffTactometer (divergence silt 2 , detector silt 
0.05 02θ, step size 0.02 02θ). All dlffTactometers comprised a graphite 
monochromator and Seller slits In the diffracted beam. Both Cuk (λ - 1.5Ί2 A) 
α 
and Cok (λ - 1.790 Я) radiation were used. The diffTactometers were operated 
о 
In the standard θ - 2Θ geometry, i.e. the recorded {hkl} Bragg reflections 
originate from crystallites with the (hkl) lattice planes parallel to the 
specimen surface. 
Approximating the {111} peak as a Volgt function, a single line profile 
analysis [10] was applied to eliminate the Instrumental broadening (SI standard, 
Nat. Bur. of Standards SRM 640, annealed during 100 hrs at 1200 0C) and to 
discriminate between the Cauchy and Gaussian component functions of the 
structurally broadened profile. Of the latter two functions, the integral 
widths β. and β, on a 26 scale are connected with the coherently-diffracting 
с G 
domain size D (B · X/Dcose) and the mlcrostraln ε(β. - fcctge) corresponding 
to the reflection considered. 
2.3. Eleotron тіогсвоору and diffraetion 
Additional transmission electron microscopy and diffraction measurements 
(Philips EH ΊΟΟ, 100 keV) were performed with specimens from series с 
deposited at 900 and 1000 0C; final thinning by Ar-1 on milling from the 
substrate side). Note, that In the until ted situation the incident beam Is 
normal to the specimen surface and diffraction Is observed from the lattice 
planes that are nearly normal to the specimen surface, which Is In contrast 
to the situation encountered with X-ray diffraction. 
3. Results 
Most results reported underneath concern the X-ray diffraction measurements (3.1 -
3 . 3 ) ; the electron diffraction results are presented In a separate section ( 3 . 4 ) . 
и 30 74 80 
• 2 θ (degr) 
tig. 1. OiffroBtamtve reoording of diffracted radiation intenaity I on a 
logarithmic ecale ав a function of the deflection angle 29 (Cuk
a 
radiation) ahauing the additional reflections {111 }, (ΠΙ } and 
ШГ} adjacent to the {111} and {331} main reflection for a eaitple 
of epeeimen eeriea Ъ depoaited at SIS 0C. The ateep increase in 
background intensity around 7S 29 is due to the strong, adjoining 
{4ÛO} Bubstrate reflection. 
Fig. 2. Ratio I . , jjj"/·1!/,,* ill "f ІІШ integrated intensities of {HI } 
and {111} as a function of sample thickness for samples of specimen 
series a. 
ω is 2ΰ 
film thickness (um) 
3.1. Film structure and looation of the additional diffraction peaks 
All CVO silicon films investigated were polycrystal1 ine with a <11Q> 
preferred orientation along the substrate normal [5.7.15|16] with the following 
exceptions: (il amorphous films below 700 С in specimen series с for a large 
gas phase content of ethyne C2»2 [13,'7] and below ^  630 0C In specimen series 
d [16]; (ii) polycrystalline films with a <111> preferred orientation In 
specimen series d between ^ 630 0 and 670 i 770 0C dependent on growth rate 
[16]; (Hi) polycrystal line films with a <100> preferred orientation In 
specimen series b at temperatures i 6Ί0 0C; (iv) polycrystal!Ine films with 
a mixed <110>/<100> preferred orientation In specimen series с grown at 
1000 0C 118]. 
X-ray diffraction with the polycrystalline silicon layers revealed addi­
tional diffraction peaks adjacent to the main {111} and { З Ю Bragg reflections 
as Illustrated and specified In Fig. 1, which shows a typical example. 
Table 1 summarizes the angular peak positions on a 26 scale for Cuk radia­
tion and the corresponding interplanar spacings d In A. 
20 26.9 28.ίι7 29.3 27.9 75.8 76. Us 
d(S) 3.31 + 0.01 3.135(2] 3.05 + 0.01 3.19+0.02 1.26+0.01 1.246[2] 
In a number of separate cases even more places with an Increased 
diffracted X-ray Intensity were encountered on a 20 scale: 
i 2β - 35.5 + 0.1O/d - 2.53 8 К 2d,.,.) was observed In a fevf specimens of 
series a and b. 
ii 2Θ > 'tS.B'Vd < 1.98 8 and, less conspicuous, 26 < Ii8.70/d > 1.87 8 regions 
on either side at the base of the {220} reflection (26 · '•7.'>O/d220 · 1.92 8) 
were observed In specimen series d, but only In samples with a <H0> preferred 
orientation, which were grown close (< 50 0C) to the transition between 
amorphous and crystalline growth [16]. 
iii 26 · 55.6 + 0.1O/d - 1.65 8 (a id,...) was observed In the specimens of 
series a with 2 um thickness. 
iv 26 - 7,t.I • 0.1O/d - 1.28 8 (·>. à,......) was observed In series e and d, 
but only If the exact (100) substrate orientation came Into reflection. 
3.2. Deacriptüm of the additional diffraction редка 
The additional diffraction peaks specified above (Table 1) do not always 
occur to the sane extent. Although the {111 } peak was observed at 615 and 
640 0C In specimen series b. It was especially prominent for the higher 
deposition temperatures (> 800 0C) ¡n series с and d. Both the {111 } and 
the {111'} diffraction peaks are most clearly visible In the samples with 
a <110> crystallographlc texture and tend to be obscured by the {111} main 
reflection In <lll> textured material. A correlation exists between {111 } 
and {ЗЗІ"}: when {111*} Is Intense, {331*} Is most pronounced. The additional 
reflections do not always occur as well-defined, separate peaks. Ноге often 
they appear as an extended shoulder to the (larger) main diffraction peaks 
({111}, {ЗЗІ}) or even as a considerable broadening at the base of these. 
Experimentally, the best resolution was obtained by recording the diffracted 
X-ray Intensity on a logarithmic scale. When occurring as separate peaks, the 
additional peaks appeared to have a very asymnetrlc character (on a linear 
scale) with a relatively large contribution of continuously-distributed 
diffracted radiation In between these peaks and the main Bragg reflection, 
suggesting that e.g.{11Г} "belongs" to {111}. 
As a test as to whether the amount of material diffracting according to 
{111 } is directly proportional to that according to {111} for samples 
deposited under the same experimental conditions. Fig. 2 shows the ratio 
'int lit"'''Int 111 0 ' t h e , n t e 9 r a t e < i intensities for specimens of series a 
as a function of film thickness. The determination of the separate contributions 
'int 111* ""* 'int 111 of '^ 1* r e s P e c t ' v e reflections was made by a somewhat 
arbitrary visual extrapolation. Clearly, I. __ ,,,-/1, .. ,,, Is not constant 
int, •1 I 1nt,111 
and a direct proportionality does not exist. Any connection between {111*} 
and {111} should then rather be found, and looked for. In relation to the 
nature of the {111} diffracting material, i.e. Its coherently diffracting domain 
size, microstress, etc. or In other words In relation to the {111} peak width, 
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dispensing with a detailed Uarren-Averbach analysis [9]. Since a complete 
separation of {111 ) and {111} for all samples was out of the question, the 
ratio of the peak height Intensities of the respective reflections was used as 
a measure for the ratio of the amounts of material diffracting according to 
{111*} and {111}. The peak heights were corrected for background Intensity 
level and Fig. 3 shows their ratio as a function of the observed full width 
at half maxlnum (2w) of the (111} diffraction peak on the 26 scale for specimens 
of all four series a-d. Although this crude procedure with a total disregard 
of the processing conditions of the Individual samples can be expected to give 
rise to a large amount of scatter In the resulting data, most of the experimental 
points ara seen to H e within a narrow range, showing a systematic Increase 
of the top Intensity ratio with 2 w. 
3.Î. The affecta of doping and annealing 
Boron Implantation (series a) and carbon doping during chemical vapour 
deposition (series c) did not affect the diffracted Intensities of the as-
deposited films significantly, unless (series c) the amount of carbon became 
so large as to render the silicon layers amorphous. For amorphous layers, 
along with the main Bragg reflections, also the additional diffraction peaks 
were absent In the dlffractograms (series c, d). However, upon crystallization 
after thermal annealing they could both be detected again. The effect of pro-
longed annealing (section 2.1) on the {111*} and {111} diffraction line 
profiles of undoped polycrystalline silicon layers (series a) Is shown In Fig. 4. 
It Is found, that {111 } decreases and (111} Increases and sharpens with 
Increasing anneal temperatures, whtlt their peak positions do not change 
significantly. Fig. 5 shows a plot of the Integrated Intensities of the {111*} 
and {111} diffraction peaks as a function of anneal temperature for two layer 
thicknesses. The Increase of the {111} Intensity Is attended with a decrease of 
the <110> fiber texture. The 0.75 um boron Implanted specimens showed for all 
Fig. 3. Ratio Γ.-,-ΖΓ.,, of the top inteneitiee of {III-} and {111) aorreoted 
for background radiation ae a flotation of the full width 2 и (in 29) 
at half maximum of the {111} refleotion (Cuk radiation). 
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Kff. 4. Difftaotian lint profilta I va. 28 of the ШГ) - {111) reflection 
of LPCVD layers as a function of ameal tençerature for a one hour 
anneal of each врваітвп (serie» a). Sote the different intensity 
ecale» along the vertical axis (Cuk radiation). 
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anneal temperatures a strongly Increased К 70%) {111} Intensity as compared 
to the undoped specimen. 
ЗЛ. Electron diffraation 
The electron diffraction measurements reveal additional diffracted 
radiation Intensity adjacent to the {111} main reflections (Fig. 6). Two 
contributions are distlnghulshed: (i) a broad ring of continuously distributed 
Intensity on both sides of the {111} Intensity circle with an abrupt cut-off 
along the Inner edge ("low angle side"); (i!) tangentially-elongated, dense 
diffraction spots lying within this diffuse ring on either side of the {111} 
reflections, some at apparently random places, but most of them In circles 
corresponding to lattice spaclngs of 3.07 + 0.02 Я and З.З1» + 0.02 along the 
Inner edge. Both the overall Intensity distribution and these values, 
corresponding to {111 } and {111 } respectively, are In good agreement with 
the findings In the X-ray diffraction measurements. Dark field imaging using 
the additional diffraction spots was counteracted by their proximity to the 
{111} main reflections In combination with a comparatively low Intensity. 
Furthermore, the "forbidden" {222} (900, 1000 0 C ) and {200} (900 0C) silicon 
reflections were observed. 
Ί. Discussion 
In this section we shall Inquire Into the origin of the additional 
diffraction peaks, and {111 }, which Is the most prominent, In particular. 
Various phenomena can give rise to such a locally Increased Intensity of 
diffracted radiation and we shall successively discuss Ct.l.) extrinsic effects, 
such as are related to the dlffTactometer, to the substrate and to Impurities, 
('t.2.) double diffraction and (4.3.) various features peculiar to the structure 
of the silicon film, such as the presence of amorphous material, a distribution 
of planar defects, lattice dilatation, different modification, etc. 
-<//£>-
Fig. в. Portion of the {111) diffraction ring (вагівв о, 900 "θ thavíng 
additional diffraction intensity in a broad ring of aontinuoualy 
distributed radiation containing dense diffraction spots. 
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4.1. Extrineic gffeote 
As the additional diffraction peaks are observed using three different 
dlffractometer», two different types of X-ray radiation and four different 
substrates, we can conclude that these are not related to the dlffractometer 
or substrate used. This conclusion Is supported by the electron diffraction 
observations. A relationship with Impurities Is more difficult to exclude. 
However, In view of the different growth histories of the films with electronic 
grade materials, we can limit our attention to the most саплюп ones. As 
crystalline SI-Η compounds are not stable at the high temperatures during CVD, 
It sufficed to check the lattice spaclngs of carbon, nitrogen and oxygen 
compounds with silicon [2]. Of these, only a single reflection of a high 
temperature (> 1450 0C) modification of 8-SljN^ [ASTH 9-259] and of trldymlte 
SI0 2 [ASTH 5-Ί90] agreed well with the {111") reflection. Nevertheless, we 
exclude separate crystalline phases of silicon compounds giving rise to the 
observed diffraction peaks In view of (i) the absence of the other reflections 
of these compounds, (ii) their disappearance upon prolonged annealing, (Hi) 
their occurrence both In the APCVD and In the "uch cleaner LPCVO layers, and 
(iv) their absence In the amorphous layers. Impurities Incorporated In the 
filmi could however directly Influence local stresses, etc. 
Ί.2. Dcubl« diffroation 
Extra reflections due to double diffraction arise when a ray diffracted 
from one set of lattice planes Is further diffracted by another set [19,20]. 
This phenomenon can give rise to additional diffracted intensity at otherwise 
"forbidden" Integral reciprocal lattice points If both sets of planes are part 
of a single crystal. If these two sets of planes are present In different 
crystals, diffracted Intensity may be found at places In between the reciprocal 
lattice points, but In general the crystals are randomly-orIented and the (double) 
//¿_ 
diffracted intensity Is negligibly weak as only a very small fraction of the 
lattice planes are correctly oriented with respect to each other and with 
respect to the Incident ray. However, double diffraction becomes more probable 
If a certain relationship exists between the orientations of the crystallites 
Involved, such as a matrix/twin relationship. As these polycrystalline silicon 
films contain numerous {111} twins [5,21,22,23]. an analysis as developed by 
Pashley and Stowell [24] for double diffraction at twinned fee structures 
should be applied to the present system. In view of the similarity of the fee 
and the diamond structure a comparison of their extra electron diffraction 
rings with our additional diffraction peaks readily shows that, although none 
of the rings possible by double diffraction agrees with {111 }, their rings 
no. 1 and 13 with fractional Indices y {422} and y {10 8 2} and silicon lattice 
spaclngs of 3-325 A and 1.257 A, respectively,, agree very well with {111 } 
and (331 ) respectively. 
For X-ray diffraction In the double-diffracting geometry, the overall 
diffraction vector -j <422>, resp. -r <1082> In the coordinate system of, say, 
the matrix grain Is normal to the substrate or In other words: the matrix 
<211>, resp. <5'4l> direction Is normal to the substrate and If the double-
diffracted ray Is to have appreciable Intensity, the matrix reflection should 
be Intense, i.e. the layers should exhibit a <211> and a <5Ί1> X-ray texture. 
As these are not pcesent In the silicon films Investigated, double diffraction 
at a twinned silicon structure cannot explain the observed affects. 
4.3. Siliam film etmcture 
As compared to the standard value a ^  It Increase of the lattice spacing 
has been reported for plasma-deposited, mlcrocrystallIne silicon [25,26]. 
Furthermore, a shift corresponding to t k.2% In a similarly deposited material 
is reportedly typical of very broad peaks (FUHM t 7 02β, CuК ) and was 
α 
attributed to the small sample thickness and to the Lorentz and Dolarizatlon 
effects [27]. The {111 ) peak reported In the present study is shifted ·ν. 5.6% 
with respect to the {111} peak and similar shifts are reported for plasma-
deposited silicon [3] and thermally crystallized amorphous silicon ['t]. 
Although In the reported cases amorphous material may be present, we hold 
that the {111 } peak Is not [3] indicative of amorphous material: we do not 
observe this peak In our amorphous films and both its location and Its width 
deviate significantly from that of the broad diffraction peak typical of 
amorphous material [28]. Furthermore, the presence of amorphous silicon in 
the films deposited at the higher temperatures in this study is improbable 
and we conclude that this peak {111 } is typical of (poly) crystalline silicon. 
Planar defects such as stacking faults and twin planes can cause shift, 
asymmetry, and broadening of the Bragg diffraction peaks [3,29]. Conceiving 
(111 } as a shifted {111} reflection, the magnitude of the shift leads to a 
meaningless value (- 1.7) for the fault probability (should be between - 1 and 
+ 1). This does not Imply that such planar defects are absent In these films: 
{111} twin planes normal to the film surface [22] give rise to the forbidden 
{200} and {222} electron diffraction spots due to cell incompleteness [30,31] 
In directions along the film plane. However, the theory applied is only valid 
for а 1<м density of planar faults with a random distribution. 
A large shift could originate from a modulated structure: a spatial 
periodicity within the coherently-diffracting domains of the distribution of 
faults, of the lattice parameter or of the scattering factor [32,33] has been 
reported to give rise to additional peaks ("side bands", "satellites", "ghosts"). 
Here, the difference In Interplanar spacing of {111} and {111"} would imply a 
periodicity of 1 9 + 2 d j ^ К 60 + 6 S). However, In the cases where {111"} Is 
relatively strong the {111} domain size appears to be too small (^  150 8) and 
the corresponding intensity ratio ' ц . - Л щ observed to be too high (^  ItOfc) 
to support this Interpretation (see below. Fig. 7). 
Fig. 7. Ratio of the integrated inteneit^fi of {.111') and the вит of {111} 
and {111') as a funation of the reciprocai of the eize D of the 
coherently diffracting dcmaina, contributing to the {111} reflection. 
ч 
: 
, 0.30 
'иг 
^ І І Г 
025 
0.20 
0.15 
0.10 
αο5 
750 250 
ι ι 
thickness 
_ • as grown 
• annealed 
o impL/ann. 
A as grown 
ψ annealed 
_ V impL/ann. 
• annealed' 
о impLfenn. 
Q35pm 
0.75 μτη 
ZO μηπ 
• 
' / 
/ Τ 
о Го 
/ V 
/о 
I n k I 1 L . 
D(Ä) 
A 0 / 
• / 
/ V 
/ • 
V 
ι ι I 
125 
I 
/ 
г 
_ l 
5 6 7 , 8 
_/л-_ 
Ue shall continue with an analysis of the results In Fig. 3. This 
plot suggests that the fractional amount of material diffracting according 
to {111*} Is directly related to the full width 2 w at half maximum {111} 
Intensity. For these measurements the Instrumental broadening amounts to 
•v 0.15 02θ, af. the horizontal Intercept for I,..- " 0 in Fig. 3. The X-ray 
diffraction results with specimen series a permitted to distinguish the 
separate contributions of the Integrated Intensities of {111 } and (111). 
After К elimination [34] the ratio 2 w'/B, ., where Θ, .. Is the Integral 
α. int int 
width of the {111} reflection, was found to lie between 0.62 (Cauchy) and 
0.90 (Gauss) allowing to approximate the {111} peak as a Volgt function and 
a single line analysis was applied (see section 2.2) to determine β. and В.. 
When the ratio I, „ ,,,./Ο, . ,,,- + I. „ .,,) was plotted as a function 
Ι Π ΐ , Ι Ι Ι I n t p l l l I n t | l 1 l 
of B. no systematic relationship was found, but If plotted against В. a 
strong correlation appears. Fig. 7 shows the dependence of the Intensity 
ratio as a function of 1/0 for values of the {111} domain size 0 between 
^ 750 and ^ 150 8. 
A relationship between lattice dilatation and particle size has been 
reported [25] for mlcrocrystal1 Ine silicon with a maximum linear expansion 
of t It for a minimum cube edge crystallite size of ^ 30 8, smaller crystallite 
sizes giving rise [35] to amorphous material. When the Intensity ratio (Fig. 7) 
Is converted to an average peak position corresponding to an average lattice 
spacing d - ( l ^ . d ^ - + 'm^lll^'tot' '* '* f o u n d t h , t t h e · ν« Γ»9β 
deformation strain e.^ - (3 - Λ..ΛΙ& ., Is proportional to the Intensity 
ratio and consequently shows an equivalent dependence on domain size with 
values up to e ^ - \.1%. It should be kept In mind, that our 0 values are 
averaged over all shapes and sizes of domains diffracting according to {111} 
and that the relationship between «... and the size of each Individual 
crystallite cannot be obtained directly from the present data. Nevertheless, 
both X-ray and electron diffraction results demonstrate the presence of 
material with a lattice spacing up to S.t% larger than d i n of undeformed 
bulk single crystalline silicon. Although, In general, small particles 
are capable to endure high Internal strains [36] and both <111> and <33l> 
are etastlcally the weakest directions in the silicon diamond lattice 
[37,38], the strains Involved appear to be rather large. It has been proposed 
[39]· that high local stress can Induce the formation of a different silicon 
modification and we shall finally Investigate whether a different Modification 
could account for the observed diffraction effects. 
The hypothesis of a different crystal modification Is supported by the 
occasional observation of diffracted Intensity at positions corresponding to 
jd.... andada... Besides the diamond cubic lattice structure (ASTH IJ-ibQl) 
the ASTM-index [2] refers to only one other silicon modification, namely a bcc 
high pressure modification (ASTM 17-901, [ΊΟ], « 0 - 6,636 S, Ζ - 16). This 
modification features a lattice spacing of 3.29 «• which is close to d...., 
but Its other lattice spaclngs do not account for the remaining additional 
diffraction peaks observed. However, the silicon equivalents of a polytypic 
series of hexagonal carbon modifications (ASTH 19-268, 26-1078, 26-1082, 
26-1075, 26-1081/1083) with a - 2.52 Я, с - ne*, с* - 't.12 S, Ζ - Ίη, 
ο ο ο ο 
η · 1,2,3,4,5 resp., appear to be more promising. Applying the ratio of the 
silicon and carbon lattice paraimEers In the diamond structure as a multiplication 
factor (1.523) the analogous polytypic silicon series Is obtained with 
a • 3.84 A, e • 6.27 8. For η · 1 the silicon lattice parameters of the 
monotype wurtzlte variant of the diamond cubic form are approximated [41]. 
The present silicon pol ytypes have lattice spacing* corresponding to the 
additional diffraction peaks observed (<!,,,-. ^ т * * 2 ''ill"· 2 d»r *ni 
d,,j_). Furthermore, depending on the π value, these modifications show a 
number of lattice spaclngs In between d^.. and dj.. and In between d... and 
-V/ ?-
d l n + . in good agreement with the asyimetrlc form of the {111"} and 
{HI*} X-ray reflections and the presence of additional diffraction spots 
at Intermediate positions In electron diffraction (Fig. 6). 
These structures with an Ideal close packing ratio (c /a - /973 - 1.633) 
о о 
and hexagonal lattice spaclngs d¡¡'* - a /{j(h2 + hk + к ) + ·| 1 /n }* can be 
conceived to evolve from the well-known cubic diamond form by the Introduction 
of planar faults along {111} . planes, just as a continuous transition > 
between a fee and a hep structure results If an Increasing density of such 
stacking faults Is Introduced [36]. A high density of stacking faults and/or 
twin planes gives In this way rise to a new crystal structure and various 
degrees of periodicity In their distribution underlie the polytypic 
modifications mentioned above [42]. The present ^"»,,,κ textured layers are 
characterized by a high density of twin planes perpendicular to the film plane. 
Aligning the hexagonal basal planes with these twin planes (hexagonal с axis 
in the film plane, <100>. //<110> .) the {110}. planes are oriented r
 hex cub hex 
parallel to the film plane and give rise to the О Ш } . reflection coinciding 
with the {220} . reflection (d1?" - 1.920 8). Relatively Intense {hkoh 
cub 110 hex 
peaks will result due to (i) the coincidence of the respective {hko}. 
hex 
reflections corresponding to the various polytypic modifications with different 
η values, (ii) a preferred orientation with the hexagonal basal planes normal 
to the surface. The (210} h e x reflection corresponds to {331*}: d^'J • 1.257 8. 
The I100} h e x reflection corresponds to {111"}: d j " - 3-325 8. Note, that this 
Is the largest spacing of the hexagonal polytypic modifications. At intermediate 
positions In between the {111*} and {111} . peak positions the reflections of 
cub 
type {10x} h e x (x - 1,2, . . . , Xj < | n) are encountered; for χ - 0 
(Independent of n) the cut-off edge In Fig. 6 Is reached. Both the 
-//ƒ-
{10 тгпк and the {00 2η}. reflections coincide with the {111} . 3 hex hex cub 
reflection (d » 3.135 °)· Both these hexagonal reflections result by 
twinning of crystallites with <111> . normal to the specimen surface 
along the {111} planes inclined, resp. parallel to the specimen plane, thus 
giving rise to a smaller {111} domain size (Fig. 7). On the other hand, the 
ratio I, ,,,-/1, ... has been proposed [Ί31 as a measure for the ratio 
I nt ,111 Int ,111 
of hexagonal to cubic packing for ZnS pol уtype mixtures. Consequently, the . 
relationship In Fig. 7 can be understood as the effect of an increasing 
amount of hexagonal packing on the parameters plotted horizontally and 
vertically. A quantitative analysis is as yet Impossible because of the unknown 
amount of crystallographlc texture of the hexagonal modifications. 
The present Interpretation Is not In conflict with the results in Figs. 4 
and 5. The fully coherent twin Interfaces have very low mobility and remain 
stationary upon annealing. With Increased annealing temperature however, the 
Increase of I. ... and corresponding decrease of I. .... (Fig. 5) are 
probably due to recrystal1Izatlon [16,ΊΊ] giving rise to an Increased overall 
{111} Intensity and larger {111} grains (cf. Flg. 7). 
In conclusion. It Is found that whereas other explanations fail to account 
for the additional diffraction peaks observed, the explanation based on the 
discovery and presence of polytypic silicon modifications does. These modifications 
are closely related to the density of planar faults In the polycrystalI Ine 
silicon films. The origin of such mlcrotwlns and/or stacking faults In these 
layers Is not understood in detail. With regard to the structural characterization 
of polycrystalline silicon films, the present Interpretation suggests as an 
Interesting potential of X-ray diffraction the .quantitative study of these 
defects by an analysis of the additional diffraction peaks. 
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SAMENVATTING 
Struktuur en kinetiek bij de depositie van silicium uit de gasfase vta 
een chemische stap (CVD) 
In dit proefschrift wordt beschreven hoe tijdens de groei van poly-
kristallijne en amorfe silicium laagjes ter dikte van ongeveer 1 pm be­
langrijke nieuwe Informatie kan worden verkregen door gelijktijdige me­
ting van de optische reflektle en emissie. Op deze manier kunnen ntet al­
leen de oppervlakte temperatuur en de groeisnelheld gemeten worden, maar 
bovendien kan informatie worden verkregen met betrekking tot de aard van 
de groeiende laag en de oppervlaktegesteldheld ervan. Gelet op de experi­
mentele ontdekking van vaste stof processen die zich tijdens depositie 
voordoen (Hoofdstuk II), bleek een conventtoneel reaktleschema volgens 
gasfase diffusie, gasfase reaktie, chemlsorptle, oppervlaktediffusie, In­
bouw op de groeiplaats, oppervlaktereaktie en desorptle, onvoldoende om 
het tot stand komen van de uiteindelijke struktuur te begrijpen. Gedu­
rende CVD van silicium vla silaan In waterstof bij atmosferische druk 
konden twee vaste stof processen worden onderschelden, die kwalitatief 
en kwantitatief nieuw licht werpen op de klnettek en mechan Ismes van de 
onderzochte verschijnselen en de werking ervan vormt een steeds terugke­
rend thema In dit proefschrift. 
In de eerste plaats werd ontdekt dat zich omstreeks 600 С een karak­
teristieke wijziging voordoet In de emissivi telt van het groeiende mate­
riaal. Dit verschijnsel werd onderzocht als funktie van zowel oppervlak-
tetemperatuur als groeisnelheld, waarbij groei en uitgloelproces ontkop­
peld werden door de si laans troont te onderbreken bij ongewijzigde tempe­
ratuur en waterstof draaggas stroom. Na groei bleken zowel de emissie 
als de reflektle van de amorfe film te wijzigen als gevolg van het tem-
perproces. Door een analyse van het groei mechan Isme konden de resultaten 
van dit onderzoek begrepen worden op basis van de aanwezigheid van een 
toplaag met afwijkende samenstelling nabij het oppervlak van de groeiende 
film. De temperatuurafhankelijkheid van de groelsnelheld werd in verband 
gebracht met de oppervlaktestruktuur tijdens groei (Hoofdstuk lil). 
In de tweede plaats werd een soortgelijke wijziging In de Intensi-
teit van het gereflekteerde (laser)licht gedetekteerd na beëindiging der 
groei omstreeks 700 С BIJ onderzoek bleek dit tempereffekt verband te 
houden met de kristal 1Isatie van materiaal, dat amorf was neergeslagen. 
Een model werd ontwikkeld ten einde het effekt te bestuderen van de ge­
lijktijdige werking van het groei en het ultgloeiproces op zowel de os­
cillatieduur van het laserinterferentleslgnaal als op de hoeveelheid on-
getransformeerd materiaal als funktle van de groeltljd. Op deze manier 
werd de kristal 1Isatiesnelheid bepaald als funktie van de temperatuur 
zowel tijdens groei (ntet-destruktlef) als na groei (destruktief). Twee 
kristallisatlewljzen werden onderschelden: (¡) beginnend aan het grens-
vlak met het substraat en kristallisatie In ëén richting; (li) krlstalli-
satie via random verdeelde kiemen met driedimensionale uitgroei (Avram! 
kinetiek). De diskontinue overgang tussen amorfe en kristallijne groei 
werd waargenomen en gebaseerd op optische metingen tijdens temperen di-
rekt na groei werd een krlterium geformuleerd voor de betrekking tussen 
overgangstemperatuur en groelsnelheld (Hoofdstuk IV, V ) . 
Experimenteel onderzoek bevestigde de voorspelde afhankelijkheid 
van de overgang tussen amorfe groei en kristal 11Jne groei als funktle 
van temperatuur en groelsnelheld. De optische in situ metingen tijdens 
en direkt na groei werden aangevuld met (ex situ) optische microscopie, 
scanning elektronen microscopie en rSntgendiffraktle voor een onderzoek 
van de verschillen in interne en externe film struktuur verband houdend 
met deze overgang, die zich na groei manifesteert als een overgang tus-
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sen verschillende vormen polykristal1 ijn silicium. Lagen met een glad op-
pervlak en veelal een <111> voorkeursoriëntatie resulteren als gevolg van 
amorfe groei (uit de gasfase) en (vaste stof) kristallisatle tijdens het 
neerslaan. Bij hogere temperaturen of lagere groeisnelheden ontstaan door 
(poly)krlstalIIjne groei lagen met een <110> kristallografIsche textuur 
en een oppervlakteruwheld, die toeneemt met de laagdlkte (Hoofdstuk Vl). 
In een vergelijkend onderzoek werd de groei van een dichte polykristal-
lijne laag en van afzonderlijke eenkristallen nader bestudeerd aan de 
hand van de oppervlaktemorfologle van lagen, die belde vormen toonden 
(Hoofdstuk VII). 
Interessant is het voorkomen van extra Intensité!tsmaxIma, die wer-
den waargenomen bij röntgen- en elektronendlffraktle met CVD si 1Iclumlaag-
Jes. Deze extra pieken houden nauw verband met een hoge dichtheid vlakke 
fouten In polykristal1Ijn silicium, waardoor stapelIngsvolgorden afwijkend 
van de Ideale dlamantstruktuur voor.komen en aanleiding geven tot een 
nieuwe polytypische silicium modificatie (Hoofdstuk Vili). 
Deze kombinatle van onderzoeken geeft nieuwe Inzichten in en een 
beter begrip van de betrokken kinetische effekten en de parameters die 
van invloed zijn op de struktuur van de technisch zo belangrijke lagen 
polykristal1Ijn en amorf silicium. 
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